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Kurzfassung
In Analogie zu Halbleiter-Heterostrukturen ko¨nnen Grenzfla¨chen zwischen polaren und nicht-
polaren Perowskiten neuartige elektronische Eigenschaften aufweisen. Komplexe Oxid-Hetero-
strukturen verfu¨gen somit u¨ber das Potenzial neben den inha¨renten Materialeigenschaften der
Oxide auch die Grenzfla¨che fu¨r elektronische Anwendungen nutzbar zu machen. Insbesondere
wird an der Grenzfla¨che zwischen den Bandisolatoren SrTiO3 (STO) und LaAlO3 (LAO) eine
um Gro¨ßenordnungen erho¨hte metallische Leitfa¨higkeit beobachtet. Dieser Grenzfla¨cheneffekt
hat enormes wissenschaftliches und technologisches Interesse geweckt. Ein besseres Versta¨ndnis
des Leitungsmechanismus ist jedoch eine Grundvoraussetzung fu¨r zuku¨nftige technische An-
wendungen.
In dieser Arbeit wird gezielt der Einfluss von Defekten auf verschiedene Varianten von leitenden
Grenzfla¨chen in Oxidheterostrukturen untersucht. Im Rahmen von Defektchemiemodellen wer-
den dabei sowohl extrinsische Dotierungen als auch intrinsische Defekte (Sauerstoffleerstellen
und Kationenleerstellen) beru¨cksichtigt. Als zentrale Charakterisierungsmethode wird die Mes-
sung der Hochtemperaturleitfa¨higkeit im thermodynamischen Gleichgewicht als Funktion des
anliegenden Sauerstoffpartialdrucks eingesetzt. Aus den Hochtemperaturcharakteristiken las-
sen sich Aussagen u¨ber die entscheidenden Defektgleichgewichte und -konzentrationen an der
Grenzfla¨che ableiten. Daru¨ber hinaus wird durch systematische Variation der Herstellungspa-
rameter der Einfluss der Kationensto¨chiometrie der beteiligten Materialien untersucht. Anhand
der Sto¨chiometrieeffekte wird das Versta¨ndnis der Wechselwirkung zwischen kationischen De-
fekten und elektrischer Leitfa¨higkeit an der Grenzfla¨che weiter vertieft.
Im Hochtemperaturgleichgewicht wird ein thermodynamisch stabiler Leitfa¨higkeitsbeitrag der
LAO/STO-Grenzfla¨che nachgewiesen. Aus dem Defektchemiemodell fu¨r STO ergibt sich daraus
ein donatorartiger Leitungsmechanismus, der durch die Interdiffusion von Lanthan, die Erzeu-
gung von getrappten Sauerstoffleerstellen oder eine rein elektronische Rekonstruktion an der
Grenzfla¨che erkla¨rbar ist. Die Beteiligung von donatorartigen, ionischen Defekten wird durch
hochauflo¨sende Transmissionselektronenmikroskopie-Untersuchungen nachgewiesen. Daru¨ber hin-
aus zeigen die Hochtemperaturmessungen, dass die Donatorzusta¨nde an der Grenzfla¨che durch
Strontiumleerstellen kompensiert werden ko¨nnen, die unter hohen Sauerstoffpartialdru¨cken u¨ber
das Schottky-Gleichgewicht gebildet werden. Im Vergleich zum STO-Einkristall ist der Einbau
von Strontiumleerstellen an der Grenzfla¨che erleichtert, so dass dieser ionische Kompensations-
mechanismus bereits bei Temperaturen unterhalb von 1100 K zu beobachten ist.
Am Ende dieser Arbeit steht ein defektchemisches Modell, das die komplexe Defektstruktur
und die resultierenden elektrischen Eigenschaften von Grenzfla¨chen zwischen polaren und nicht-
polaren Perowskiten beschreibt. Die Eigenschaften des polaren Oxidfilms tragen dabei maßgeb-
lich zur Stabilisierung der Defektstruktur an der Grenzfla¨che bei. Vereinfachte Szenarien, die
ausschließlich Reduktion oder Donatordotierung des STO beru¨cksichtigen, ko¨nnen dadurch als
Ursache der Grenzfla¨chenleitfa¨higkeit ausgeschlossen werden.
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Abstract
Analogous to semiconductor heterostructures, interfaces between polar and non-polar perovskite
oxides can exhibit novel electronic properties. Complex oxide heterostructures thus have po-
tential for electronic applications not only due to the inherent material properties of oxides but
also due to the properties of their interfaces. Metallic conductivity was found at the interface
between the band gap insulators SrTiO3 (STO) and LaAlO3 (LAO). This particular interface
effect has sparked enormous academic and technological interest. However, a better under-
standing of the conduction mechanism is required for future technological applications.
This thesis investigates the specific influence of defects on conductive interfaces in various com-
plex oxide heterostructures. In the context of defect chemistry models, both extrinsic doping
and intrinsic defects (such as oxygen vacancies and cation vacancies) are taken into account.
The measurement of the high temperature conductance in thermodynamic equilibrium as a
function of ambient oxygen partial pressure serves as central characterization method. From
the gained high temperature conductance characteristics, the decisive defect equilibria and the
associated defect concentrations at the interface are determined. In addition, the influence of the
cation stoichiometry of the involved perovskite materials is examined by systematically varying
the process parameters during sample fabrication. On the basis of the resulting stoichiometry
effects, the correlations between cationic defects and electrical properties of conducting oxide
interfaces are discussed in detail.
In high temperature equilibrium, a thermally stable conductance contribution of the LAO/STO
interface is observed. A donor-type conduction mechanism is concluded from the characteristic
interface behavior according to the defect chemistry model of STO. The presence of donor-
type states at the interface can either be explained by an interdiffusion of lanthanum, or by
a generation of trapped oxygen vacancies, or by electronic reconstructions. An involvement of
donor-type ionic defects is supported by the results of high resolution transmission electron mi-
croscopy studies. Furthermore, the high temperature conductance measurements show that the
donor states at the interface can be compensated by acceptor-type strontium vacancies formed
under high oxygen partial pressures via the Schottky-equilibrium. In comparison with the STO
single crystal, the incorporation of strontium vacancies is facilitated at the interface, so that
ionic charge compensation mechanisms are observed already at temperatures below 1100 K.
At the end of this thesis, a defect chemistry model is achieved describing the complex defect
structure and the resulting electronic properties of interfaces between polar and non-polar per-
ovskites. The properties of the involved polar oxide considerably contribute to the stabilization
of the interface’s defect structure. Simplified scenarios, which only take a reduction or a donor
doping of STO into account, may therefore be excluded as origin of the interface conduction.
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Chapter 1
Introduction
In the general framework of all oxide electronics, the discovery of the conducting
interface between the wide band gap perovskite insulators, SrTiO3 (STO) and
LaAlO3 (LAO) [1], has attracted enormous scientific and technological interest.
In analogy to similar interface effects in semiconductor heterostructures [2], the
supposed 2-dimensional electron gas (2DEG) formed at the LAO/STO interface
represents a promising candidate system to emulate the achievements of semi-
conductor technologies in all oxide devices [3, 4]. Combined with the manifold
inherent material properties of complex perovskite oxides such as STO (large
band gap [5], high dielectric constant [6], enhanced thermoelectrical properties
[7], and resistive switching [8, 9]), the physical properties of oxide heterostructures
are furthermore expected to extend the field of possible applications compared
with conventional semiconductor devices.
Similar to semiconductor heterostructures, low dimensional electronic perosvskite
systems such as the LAO/STO interface [1] or donor-doped STO thin films [10, 11]
are particularly expected to exhibit an enhanced electron mobility compared with
3-dimensional bulk systems. At the same time, perovskite heterostructures com-
monly exhibit significantly higher carrier densities than semiconductor devices,
generating strongly correlated electron systems (2-dimensional electron liquid,
2DEL [12]) giving rise to many unexpected physical phenomena [13, 14].
The general understanding of the conduction mechanism at oxide interfaces
is a crucial prerequisite for the development of real electronic devices and appli-
cations. The origin of the high concentration of electronic charge carriers at the
interface between STO and LAO is still under controversial debate. At present,
the most prominent model involves a purely electronic charge transfer into the
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interface, caused by the polar nature of the LAO capping layer [15]. However,
the role of crystal defects in STO is another focus of the ongoing discussion. It is
generally accepted that defects in the vicinity of the LAO/STO interface can have
a large impact on the resulting electronic properties [15–25]. The interdiffusion of
La ions on Sr sites across the LAO/STO interface and the generation of oxygen
vacancies within the STO lattice have even been considered to be the sole cause
for the interface conduction [14, 26].
For all proposed reconstruction scenarios, the inherent ability of STO to change
the Ti valance state from nominally 4+ to 3+ is essential. Therefore, the electri-
cal properties of STO are a key prerequisite for the observed interface conduction.
For bulk STO, the relation between electronic properties and defect configuration
is described by the defect chemistry model.
Taking into account the supposed importance of defects for the interface conduc-
tivity of LAO/STO heterostructures, it is essential for a general understanding
of the LAO/STO interface and comparable perovskite oxide interfaces to provide
a defect chemical description of LAO/STO heterostructures and, in particular, a
defect chemical description of the LAO/STO interface.
To date, most studies, addressing the defect structure of the LAO/STO interface,
were performed at low temperatures where the defect equilibria are frozen in an
undefined (non-equilibrium) state. This state strongly depends on the history of
the heterostructure (cf. Ref. [27]), in particular on the growth process [28] and
the subsequent annealing procedure [17]. Therefore, the results of these studies
are hardly comparable with each other and may lead to different conclusions re-
garding the role of defects for the interface conductivity. This issue is expected
to be solved under thermodynamic equilibrium conditions.
This thesis attempts to elucidate the role of defects for the conductivity of
the interface between polar and non-polar perovskite oxides, based on structural
and electrical analyses of LAO/STO heterostructures and related systems. The
focus of this study is the electrical characterization of the heterostructures at high
temperatures under defined thermodynamic equilibrium conditions. In thermo-
dynamic equilibrium, all defect concentrations can be described by a defined set
of quantitative equations derived from the defect chemistry model of STO. There-
fore, the high temperature equilibrium conductance measurements are expected
to contain information on both the nature and the concentration of the decisive
defects at the investigated oxide interfaces.
By this method, the interface properties of LAO/STO heterostructures, LAO/STO
3bilayers, and NdGaO3(NGO)/STO heterostructures are characterized.
Moreover, the impact of cation stoichiometry and of the related cationic defects
in the involved materials is examined in detail by a systematic variation of the
growth parameters during sample fabrication. The variation of cation stoichiom-
etry is realized for both non-polar STO layers and polar NGO layers.
Outline
The fundamental properties of LAO/STO interfaces and the defect chemistry
model of STO are summarized in chapter 2. Afterwards, the applied experimen-
tal methods are briefly introduced in chapter 3.
In chapter 4, the interface between LAO thin films and single crystalline STO
substrate is characterized. This comprises a detailed description of the fabrica-
tion process, thorough structural analyses of the resulting heterostructures, and
a careful electrical characterization at low temperatures as well as in high tem-
perature equilibrium.
In chapter 5, the LAO/STO interface is studied in a more complex heterostruc-
ture consisting of both a LAO thin film and a STO thin film grown on LSAT
substrates. As a basic requirement, the growth process for both homoepitaxial
and heteroepitaxial STO thin films is optimized. Subsequently, the structural
and electrical properties of the LAO/STO bilayers are discussed and compared
with the conventional LAO/STO heterostructure with a focus on the high tem-
perature conductance in equilibrium with the surrounding atmosphere. From the
results, the decisive charge compensation mechanisms at the LAO/STO interface
are derived.
Progressing on this path, the impact of (non-)stoichiometry in STO on the elec-
trical properties of the LAO/STO interface is examined in chapter 6.
The high temperature conductance of STO thin films is discussed in detail in
chapter 7.
Finally, the interface of NdGaO3 (NGO) thin films to single crystalline STO sub-
strates is investigated in chapter 8. A focus of this chapter is the influence of
the NGO cation stoichiometry on the interfacial conductivity of NGO/STO het-
erostructures. In particular, the role of the B-site cation, Ga3+, is discussed.
Conclusions are drawn in chapter 9.
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Chapter 2
Fundamentals
In this chapter, the materials involved in this study are briefly introduced (sec.
2.1) and the fundamental properties of the LAO/STO interface are summarized
(2.2). The proposed conduction mechanisms at the LAO/STO interface are re-
viewed in section 2.3. Finally, section 2.4 introduces the defect chemistry model
of SrTiO3 which will serve as the fundamental concept for the discussion of the
defect structure of the LAO/STO interface in the remainder of this work.
2.1 Fundamental properties of perovskites
SrTiO3 (STO)
Strontium titanate (SrTiO3, STO) is a transition metal
Figure 2.1: Sketch of the
perovskite crystal structure
ABO3.
oxide with cubic (at 300 K) perovskite structure as illus-
trated in fig. 2.1. In first approximation, STO and most
other perovskites can be treated as ionic crystals. The
A-site cations, Sr2+, sit on the eight corners of the unit
cell, while the B-site cation, Ti4+, is located in the center
of the oxygen octahedral formed by the oxygen anions
(O2−) on the six face-centered sites of the unit cell. In
(100) direction, STO can be regarded as an alternating
stack of charge neutral (SrO)0 and (TiO2)
0 planes. The
cubic perovskite lattice constant of STO single crystals is cSTO(300 K) = 3.905 A˚.
Electronic structure Stoichiometric STO is a transparent, wide band gap in-
sulator (ESTOg ≈ 3.2eV [5]). The valence band is formed by the O 2p atomic
orbitals with small admixture of Ti orbitals, while the conduction band is es-
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sentially formed by Ti 3d orbitals [29, 30]. Due to the inherent ability of STO
to change the Ti valance state from nominally 4+ to 3+, the electrical proper-
ties of STO can vary tremendously for non-stoichiometric STO. Oxygen-deficient
or donor-doped STO can even exhibit a metallic conductivity. Thus, the defect
structure of STO has immense impact on the resulting electrical properties, as
will be described in sec. 2.4.
LaAlO3 (LAO)
Lanthanum aluminate (LaAlO3, LAO) exhibits a rhombohedral crystal struc-
ture [31] which can be approximatively described by a rhombohedrally distorted
pseudo-cubic perovskite structure with lattice constant cLAO = 3.788 A˚ and
α = 90.5◦. In the pseudo-cubic perovskite structure, the A-site cations are rep-
resented by La3+ ions, while the B-sites are occupied by Al3+ ions. Accordingly,
LAO can be described as an alternating stack of (LaO)+ and (AlO2)
− planes in
(100) direction. In contrast to the non-polar STO, LAO thus consists of charged
atomic planes in (100) direction resulting in a non-zero polarization of the ideal
crystal. Grown on a non-polar surface such as (100) STO, it might thus create an
built-in potential with increasing film thickness [1, 15, 32]. The lattice mismatch
between STO and LAO is about 3%. LAO is a wide band gap insulator with
ELAOg = 5.6 eV [33] and exhibits a dielectric constant of 
LAO(300 K) = 24 [34].
NdGaO3 (NGO)
Neodymium gallate (NdGaO3, NGO) is an orthorhombic perovskite which is
widely used as a substrate material for oxide thin film growth. Similar to LAO,
NGO can be described in a pseudo-cubic perovskite crystal structure (A =
Nd3+, B = Ga3+) with a lattice constant of cNGO = 3.86 A˚. In (100) direction,
NGO can be treated as an alternating stack of charged (NdO)+ and (GaO2)
−
planes. Similar to LAO, it might hence fulfill the criteria of creating a potential
built-up when grown on a non-polar surface. NGO has a dielectric constant of
NGO = 23 at room temperature [34] and a band gap of about ENGOg = 3.8 eV
[35]. The lattice mismatch between STO and NGO is about 1%.
(LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT)
(LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) is a brownish, pseudo-cubic perovskite crystal
with lattice constant cLSAT = 3.87 A˚ [36]. The chemical formula of LSAT can
be written as (La0.3Sr0.7)(Al0.65Ta0.35)O3. Thus, the A-sites of the pseudo-cubic
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perovskite structure are partially occupied by Sr and La, while the B-sites are
filled with Al and Ta. LSAT is a widely used substrate material for oxide thin
film growth. The lattice mismatch is about 1% between LSAT and STO, and
2.2% between LSAT and LAO, respectively.
2.2 Present state of knowledge about oxide het-
erointerfaces
The conducting interface between LAO and STO was firstly discovered by Ohtomo
et al. in 2004 [1]. Generally, the conducting interfaces exhibit a metallic tempera-
ture dependence represented by an increasing resistance with increasing tempera-
ture. According to Hall measurements, the electrical transport at the LAO/STO
interface is mainly attributed to electronic conductivity [1]. However, a small
p-type contribution has been observed as well [37]. Commonly, sheet electron
densities between 2× 1013 cm−2 and 2× 1014 cm−2 [1, 28, 32, 38, 39] and electron
mobilities up to 5000 cm2/Vs at 1.5 K [40] are observed.
Conducting interfaces are achieved for the growth of LAO on TiO2-terminated
STO substrates in (100) orientation (denoted as n-type interface), while the
LAO/STO interface shows insulating behavior for SrO-terminated STO sub-
strates (p-type) [1, 15, 41]. Recently, conducting interfaces have been reported
also for STO substrates in (110) and (111) orientation [42]. For the inverted ma-
terial sequence, i.e. STO thin films on (100) LAO substrates, the interface shows
insulating behavior [43].
As reported in Ref. [32], the LAO/STO interface shows an abrupt transition
from insulating to metallic behavior when the LAO layer thickness exceeds a
critical value of four unit cells, which is denoted as the critical thickness phe-
nomenon. Abrupt electronic rearrangements at the LAO/STO interface with
increasing LAO layer thickness have been observed also by 2nd harmonic gener-
ation spectroscopy [44].
The n-type character of the conduction has been confirmed by the observation
of Ti3+ in the vicinity of the LAO/STO interface as revealed by high resolution
electron microscopy/spectroscopy [15] and various X-ray spectroscopy methods
[18, 45, 46]. Thus, the conducting sheet is considered to be located in the STO
matrix close to the LAO/STO interface. Further scientific interest has been at-
tracted by the observation of a transition into a superconducting state below
200 mK [47–49] and a proposed ferromagnetic ordering [28, 50–53].
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Dimensionality The thickness of the conducing sheet at the LAO/STO inter-
face has been subject to several studies. Generally, it has to be distinguished
between a 3-dimensional bulk conduction of the STO substrates observed for
LAO/STO heterostructures grown at low oxygen partial pressures and the actual
2-dimensional interface conduction [16].
In a cross-sectional AFM study, the width of the 2-dimensional conducting sheet
at the LAO/STO interface has been estimated to be below 7 nm [54]. From the
periodicity of Shubnikov-de-Haas oscillations [40, 55] and from the transition tem-
perature into the superconducting phase [47], an upper limit of about 10 nm has
been obtained. The 2-dimensional character of the conduction at the LAO/STO
interface is further indicated by the observation of anisotropic transport deriv-
ing from electron scattering at the step terrace structure of the interface [56].
Moreover, an angle dependence of the magneto-resistance has been observed [57].
Materials To date, most compounds which have been successfully tested to
form a conducting interface with STO, i.e. LAO [1], LaGaO3 [58] and LaVaO3 [59,
60], contain La as A-site cation. In contrast to these materials, DyScO3/SrTiO3
interfaces are found to be insulating [61–63]. For GdTiO3/SrTiO3 [64–66] and
LaTiO3/SrTiO3 [67, 68] superlattices, conducting interfaces have been found.
(However, the intrinsic valence change in the Ti sublattice across the interface
is believed to be the underlying conduction mechanism in these two material
systems. The Ti3+ state of the capping material simply smears out into the sur-
rounding STO matrix and causes interface conduction.) Finally, conductivity has
been found also in δ-doped STO, namely STO/LaO/STO, STO/NdO/STO, and
STO/PrO/STO structures [69]. Independent of this study, the NdGaO3/SrTiO3
system has been explored by Uccio et al. [35] with a focus on photoconductivity
effects.
Technological relevance Various lithography and patterning methods have
been reported for the LAO/STO interface [70–72], enabling first progress in the
development of field effect devices [32, 73, 74]. It has been shown that the conduc-
tivity of the LAO/STO interface can be manipulated by a gate voltage applied
to metal gate electrodes [32], or applied to an AFM tip [75–77]. Moreover, it has
been demonstrated that spin polarized currents can be injected into the interface
[78, 79] and that an enhanced capacitance is induced deriving from the strong
correlation of the electron system [13]. Finally, resistive switching has been ob-
served in the vicinity of the LAO/STO interface [80, 81].
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Meanwhile, conducting LAO/STO interfaces have been obtained on Si substrates
[82], demonstrating that perosvkite oxide heterostructure devices generally can
be combined with Si-based technologies.
General reviews on functional oxide heterointerfaces can be found in Refs. [3, 4,
14, 26, 83].
2.3 Proposed conduction mechanisms for the
LAO/STO interface
Several physical mechanisms which may cause a conducting interface between the
non-polar STO substrate and the polar LAO layer have been proposed, including
purely electronic charge transfer into the interface on the one hand, and the
formation of defects in the vicinity of the LAO/STO interface on the other hand.
An overview of these conduction mechanisms is given in fig. 2.2.
2.3.1 Polarity catastrophe and electronic reconstruction
Assuming an ideal interface between TiO2-terminated STO substrate and LAO
thin film in (100) direction (see fig. 2.2, top), the sequence of atomic planes
exhibits a sudden change from charge neutral planes, (SrO)0 and (TiO2)
0, to
alternately charged planes, (LaO)+ and (AlO2)
−. As a result of this charge dis-
tribution, an electrostatic potential is generated at the LAO/STO interface which
increases with increasing LAO layer thickness [15]. In order to avoid a diverg-
ing potential (polarity catastrophe), it is energetically favorable for the system
to redistribute the charges in the vicinity of the LAO/STO interface when the
LAO layer exceeds a critical thickness. According to the electronic reconstruc-
tion model, 0.5 electrons per areal unit cell are transferred from the surface of
the LAO layer into the STO conduction band within the topmost (TiO)2 layer at
the interface [15, 84]. As a result, the Ti valence state changes from 4+ to 3.5+,
which induces conductivity. In this model, an interfacial sheet carrier density of
nexpectedS = 3.2 × 1014 cm−2 is expected. The electronic reconstruction scenario
is mainly supported by the observation of the critical thickness phenomenon
[32, 44, 85] and the ability to manipulate the LAO/STO interface by an ad-
ditional bias voltage [75–77, 86]. It is further supported by various theoretical
studies such as Refs. [87, 88].
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2.3.2 A-site donor doping due to cation intermixing
Electrical conductivity in STO can be induced by the presence of an A-site lan-
thanum doping [10, 11, 89, 90]. Therefore, it has been proposed that A-site cation
intermixing into STO, i.e. the occupation of Sr lattice sites by La ions (La•Sr, cf.
fig. 2.2, bottom) may cause the observed conductivity at the LAO/STO inter-
face. The scenario of La intermixing is closely related to the question whether
an atomically sharp interface can be achieved in LAO/STO heterostructures or
whether the interface shows a finite roughness. Cation intermixing on the typi-
cal length scale of several unit cells has been observed in various studies ranging
from high resolution transmission electron microscopy [15, 24, 91] to spectro-
scopic studies [18, 20–22, 92–94]. Intermixed interface configurations can also
prevent the polarity catastrophe issue in the case that a non-stoichiometry of the
system is allowed [15, 22, 62]. It has been proposed that intermixed interface
configurations are energetically favorable as compared with an abrupt interface
configuration [22]. However, due to the kinetic energy of the adatoms during
growth, cation intermixing may be caused simply by La ion implantation, too.
2.3.3 Oxygen vacancy formation
Also oxygen vacancies (V••O , cf. fig. 2.2, bottom) can induce electrical conductiv-
ity in STO [95]. Thus, oxygen deficiency of the STO substrate has been proposed
as the possible origin of the electronic charge carriers in LAO/STO heterostruc-
Figure 2.2: Proposed conduction mechanisms at
the LAO/STO interface. (Top) Sketch of the ideal
atomic order at the n-type LAO/STO interface. The
expected charge distribution causes a built-in poten-
tial at the LAO/STO which increases with increasing
LAO thickness (V , black). According to the elec-
tronic reconstruction scenario, electrons are trans-
ferred into the topmost TiO2 layer at the LAO/STO
interface to avoid a diverging potential (V ′, red).
(Bottom) Sketch of a defective LAO/STO interface
including cation intermixing within the A-site sub-
lattice (La•Sr indicates a La ion on Sr-site) and the
generation of oxygen vacancies (V••O ).
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tures [16, 17, 38]. Nowadays, it is uncontested that the 3-dimensional conduction
observed for LAO/STO heterostructures grown at very low oxygen partial pres-
sures (nS ≈ 1017 cm−2) [1, 16, 17, 28, 38] is caused by a growth-induced reduction
of the STO substrate [96, 97]. However, also the 2-dimensional conduction at the
LAO/STO interface has been suspected to be caused by oxygen vacancies close
to interface. In this context, it has to be noted that the electrical properties of
the LAO/STO interface show a strong dependence on the oxygen background
pressure during the growth [28] and on post-deposition annealing in oxygen rich
atmospheres [17].
2.4 The defect chemistry of SrTiO3
The electrical properties of many complex oxides are crucially dependent on their
particular defect structure. As a result, complex oxide materials can undergo
transitions from insulating or semiconducting behavior to metallic behavior when
the decisive defect concentrations are altered. In contrast to many conventional
semiconductor materials, the defect structure of complex oxides is not only de-
termined by the amount of extrinsic crystal impurities (dopants) but also by the
amount of intrinsic defects such as vacancies on cation and anion sites. These
manifold intrinsic charge compensation mechanisms form an important prereq-
uisite for the much richer electronic phase diagrams of transition metal oxides
as compared with conventional semiconductor materials and might be related to
many other effects observed in oxide bulk materials [98], thin films [99–101], and
interfaces [24, 25].
One well-established model to describe the electrical properties of solid state
bulk oxides is the so-called defect chemistry model. This model is based on ther-
modynamic equilibrium considerations and implies the conservation of mass and
charge. Equilibrium thermodynamics allow to formulate appropriate chemical
reactions, which are involved in the generation and annihilation of defects and
charge carriers, and the corresponding laws of mass action. Solving the resulting
set of equations, macroscopic material properties such as the conductivity under
defined thermodynamical equilibrium conditions can be deduced as a function of
the external parameters, i.e. temperature, T , oxygen partial pressure, pO2, and
extrinsic dopant concentrations.
Strontium titanate is a prominent model system which can be described by a set
of defect chemical equations. The defect chemistry model of SrTiO3, as it will
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chemical species Kro¨ger-Vink Notation
incorporated O2− anion OxO
incorporated Sr2+ cation SrxSr
incorporated Ti4+ cation TixTi
oxygen vacancy V••O
strontium vacancy V′′Sr
titanium vacancy V′′′′Ti
free electron e′
free hole h•
trivalent acceptor on Ti-site A′Ti
trivalent donor on Sr-site D•Sr
Table 2.1: Kro¨ger-Vink notation of the most important quantities for the defect chemistry of strontium
titanate.
be introduced in this chapter, assumes a statistical distribution of point defects
involving only single lattice sites. In particular, it does not account for extended
defects which can also have large impact of the electronic properties of oxide ma-
terials [8, 9, 102].
In the following sections, the fundamental defect equilibria and exchange reac-
tions which determine the electrical properties of STO will be deduced. A more
general elaboration of the defect chemistry model of SrTiO3 and comparable
ABO3 perovskites can be found in e.g. Ref. [103].
It has to be noted, that Frenkel defects will not be considered as the close packed
crystal structure of STO (see sec. 2.1) does not allow an occupation of interstitial
lattice sites. Anti-site defects will be neglected as well. The model will be based
on the generation and annihilation of intrinsic Schottky defects, namely oxygen
vacancies and cation vacancies. In addition, extrinsic crystal impurities acting as
donor or acceptor dopants will be considered.
2.4.1 Charge neutrality in STO
In the defect chemistry model of STO, it is generally assumed that the considered
system is in total charge neutral. In order to keep the charge balance of the sys-
tem, each charged defect must be compensated by other ionic or electronic defects
which carry a charge of opposite sign. Oxygen vacancies (V••O ) act as donor-like
positive charges with respect to the crystal lattice, while cation vacancies (V′′Sr
and V′′′′Ti ) act as acceptor-like negative charges with respect to the crystal lattice.
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For this reason, strontium titanate is able to ionically compensate for extrinsic
charges by the incorporation of intrinsic defects.
According to table 2.1 which lists all considerable charged defect species in STO
in Kro¨ger-Vink notation [104], the general charge neutrality condition for STO
reads
n+ 2 [V ′′Sr] + 4 [V
′′′′
Ti ] + [A
′] = p+ 2 [V ••O ] + [D
•] , (2.1)
whereas only singly ionized, extrinsic donors D• and acceptors A′ are considered.
n and p denote the electron and hole concentration, respectively. Principally,
all quantities in eq. (2.1) are functions of temperature, T , and ambient oxygen
partial pressure, pO2. The particular concentrations of intrinsic defects, i.e. Sr
vacancies [V ′′Sr], Ti vacancies [V
′′′′
Ti ], oxygen vacancies [V
••
O ], free electrons n, and
free holes p are determined by the defect equilibria of STO as will be deduced
below. For the sake of simplicity, the concentrations of extrinsic dopants will be
considered as constant parameters.
2.4.2 Defect equilibria in strontium titanate
Defect equilibria are chemical reactions which describe the formation and annihi-
lation of crystal defects. In thermodynamic equilibrium, each chemical reaction
can be represented by the corresponding law of mass action (LMA). The reaction
equation of an arbitrary chemical reaction is given by∑
i
(aiAi)

∑
j
(bjBj) (2.2)
where Ai are the reactants and ai the corresponding reaction coefficients. Bj
and bj denote the products and their coefficients, respectively. The LMA of this
reaction reads ∏
i,j
[Bj]
bj [Ai]
−ai = K(∆H,T ) = K0 · exp
(
−∆H
kBT
)
(2.3)
where squared brackets denote the concentration of a particular species, or the
partial pressure for gaseous compounds (more precisely activities should be used
here instead of concentrations), andK(∆H,T ) is the reaction constant. K(∆H,T )
depends exponentially on the inverse temperature, T−1, and the reaction enthalpy
∆H which has to be paid during the reaction.
The net gain in Gibb’s energy and entropy - which predominantly determines the
reaction constant - is not the only parameter determining whether a thermody-
namic equilibrium can be achieved. In addition, the particular defect equilibrium
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has to be activated, i.e. the participating species have to be enabled to rearrange
themselves within the crystal lattice in order to achieve thermodynamic equilib-
rium. This kinetic activation of a defect equilibrium is typically controlled by
temperature. As a consequence, the number of activated defect equilibria and
the number of mobile species which have to be considered to describe the defect
chemistry of STO strongly depends on the investigated temperature range. Be-
ginning at low temperature, the defect equilibria of STO will be listed according
to their activation temperature.
T . 750 K
Below 750 K, all ionic species in STO are immobile (bulk diffusion limit), and/or
their exchange with the surrounding atmosphere is suppressed by too slow surface
reactions (surface exchange limit). Therefore, all ionic defect concentrations are
frozen and remain constant. The particular concentrations of ionic defects are
determined by the history of the investigated system which may be influenced
by the material synthesis, foregoing annealing procedures, or growth processes.
Only purely electronic defect equilibria such as ionization reactions and the band
gap excitation have to be considered.
Similar to conventional semiconductor materials, intrinsic electron-hole pairs can
be generated by thermal excitation of electrons over the band gap Eg
e′ + h• 
 0,
where e is a free electron excited into the conduction band and h a free hole in
the valence band. The corresponding law of mass action is given by
n · p = Ne(T )Np(T ) exp
(
−Eg(T )
kBT
)
. (2.4)
Ne and Np correspond to the densities of states in the conduction band and in the
valence band. The temperature dependence of the bandgap is given by the linear
expression Eg(T ) = Eg(0 K) − βT . The values of Ne, Np, β and Eg have been
investigated in great detail as a function of T . Literature values can be found in
Ref. [5].
Besides the band gap excitation, ionization reactions of existing ionic defects
take place below 750 K such as, for example, the ionization of neutral oxygen
vacancies. Due to the small ionization energies [5, 105], all oxygen vacancies are
usually considered to be doubly ionized above room temperature and donate two
free electrons according to the reaction
VxO 
 V••O + 2e′. (2.5)
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The same holds for shallow extrinsic donors such as La3+ on A-sites or Nb5+
on B-sites, which have ionization energies of about 6 meV [106] and, hence, are
fully ionized even below room temperature. For this reason, strongly reduced
or La-doped STO is found to be n-type conducting at room temperature and
below [5, 89, 95]. In contrast, acceptor dopants such as Fe3+ are deep acceptors
in STO (EA ≈ 0.94 eV [105]). Therefore, they are usually not ionized at room
temperature, which suppresses any observable p-type conductivity in STO at
room temperature or below.
750 K . T . 1250 K
Above 750 K, the oxygen sublattice of STO becomes active so that the material
starts to interact with the surrounding atmosphere and additional defect equi-
libria have to be considered. Depending on the ambient oxygen partial pressure
(pO2), STO either predominately incorporates gaseous oxygen into the crystal
lattice or predominantly releases oxygen into the gas phase. The incorporation of
oxygen atoms is denoted as oxidation which is described by the oxidation reaction
1
2
O2 + V
••
O 
 OxO + 2h•. (2.6)
Assuming an infinite reservoir of occupied oxygen lattice sites, the law of mass
action of the oxidation reaction reads
p2
(pO2)
1
2 · [V ••O ]
= Kox0 exp
(
−∆H
ox
kBT
)
(2.7)
where Kox0 is the temperature independent reaction constant of the oxidation and
∆Hox the oxidation enthalpy.
The opposite reaction where an oxygen ion is removed from its lattice site and
leaves the crystal lattice into the gas phase can be described by the reduction
reaction
OxO 

1
2
O2 + V
••
O + 2e
′ (2.8)
with the corresponding law of mass action
(pO2)
1
2 · [V ••O ] · n2 = Kred0 exp
(
−∆H
red
kBT
)
. (2.9)
Thus, a doubly ionized oxygen vacancy and two free electrons are generated dur-
ing the reduction of STO.
It has to be noted that eqs. (2.4), (2.7), and (2.9) are not independent. Multi-
plying eqs. (2.7) and (2.9) yields
∆Hred + ∆Hox = 2Eg, (2.10)
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and
Kred0 ·Kox0 = (NeNp)2 .
As a consequence, two of the three equations are already sufficient to set up the
defect chemistry model of STO.
1250 K . T
At temperatures above 1250 K, the cation sublattice of STO becomes active, too.
Hence, cationic defects, i.e. Sr vacancies and Ti vacancies, can be generated and
annihilated via the so-called Schottky equilibrium which describes the charge
neutral removal and incorporation of a complete STO unit cell building block
SrxSr + Ti
x
Ti + 3O
x
O 
 V′′Sr + V′′′′Ti + 3V••O + (SrTiO3). (2.11)
However, due to the perovskite structure of STO, the energy cost to remove a
Ti ion from its lattice site in the center of the oxygen octahedral is rather high
[107, 108]. Therefore, cation vacancies primarily are formed in the Sr sublattice,
which leads to a reduced Schottky reaction
SrxSr + O
x
O 
 V′′Sr + V••O + (SrO)sp (2.12)
with corresponding law of mass action
[V ′′Sr] · [V ••O ] = KS0 exp
(
−∆H
S
kBT
)
. (2.13)
The generation of a V′′Sr-V
••
O pair is thus accompanied by the formation of a
(SrO)sp secondary phase either at the surface of the STO crystal [109, 110], or in
a Ruddelssen-Popper-like phase within the crystal lattice [111, 112].
Table 2.2 summarizes the defect equilibria of STO and the corresponding acti-
vation temperatures. Together with the charge neutrality condition (eq. (2.1)),
the listed laws of mass action build the mathematical basis for the following
considerations.
2.4.3 Equilibrium defect concentrations in STO as func-
tion of oxygen partial pressure and temperature
In the following, the equilibrium defect concentrations of STO will be derived
for moderately high temperatures, i.e. temperatures above 750 K, for which the
oxygen exchange reactions are activated and strive for equilibrium. Furthermore,
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band gap excitation e′ + h• 
 0
> 0 n · p = Ne(T )Np(T ) exp
(
−Eg(T )
kBT
)
reduction OxO 
 12O2 + V••O + 2e′
&750K (pO2)
1
2 · [V ••O ] · n2 = Kred0 exp
(
−∆Hred
kBT
)
oxidation 1
2
O2 + V
••
O 
 OxO + 2h•
&750K p2
(pO2)
1
2 ·[V ••O ]
= Kox0 exp
(
−∆Hox
kBT
)
Schottky-equilibrium SrxSr + O
x
O 
 V′′Sr + V••O + (SrO)sp
&1250K [V ′′Sr] · [V ••O ] = KS0 exp
(
−∆HS
kBT
)
Table 2.2: Defect equilibria in STO. Reaction equations and corresponding laws of mass action.
all defects will be regarded as fully ionized, so that ionization reactions such as
eq. (2.5) do not have to be considered explicitly. In particular, the concentrations
of ionized extrinsic dopants are regarded as constants for all considered temper-
atures and oxygen partial pressures. The influence of the Schottky-equilibrium -
which may be active or inactive depending on the considered temperature - will
be discussed in case differentiation.
In order to solve the set of equations (eqs. (2.1), (2.4), (2.9), and (2.13)) in a
certain approximation, the charge neutrality condition will be simplified accord-
ing to plausible considerations. Subsequently, the remaining equations can be
evaluated by plugging in the simplified charge neutrality condition.
As nominally undoped STO always contains a certain concentration of acceptor-
type impurities, the constant concentration of titanium vacancies can be neglected
in most cases and it follows [A′]+4 [V ′′′′Ti ] ≈ [A′]. Analogously, also the Sr vacancy
concentration can be neglected for an inactive Schottky-equilibrium.
The two cases of a predominant acceptor-doping ([A′] >> [D•]) and of a predom-
inant donor-doping ([D•] >> [A′]) will be discussed separately.
2.4.4 Acceptor-doped STO
In general, all STO single crystals and ceramics contain a certain concentration of
impurities. As it turns out, the impurities have primarily acceptor-type character
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such as iron impurities on Ti sites. Therefore, even nominally undoped STO can
be treated as slightly acceptor-doped. For a dominant acceptor concentration
([A′] >> [D•]) and an inactive Schottky-equilibrium ([V ′′Sr] = const. << [A
′]),
the charge neutrality condition can be simplified to
n+ [A′] = p+ 2 [V ••O ] . (2.14)
Depending on the regarded oxygen partial pressure range, the charge neutrality
condition can be further simplified. For clarity, fig. 2.3 illustrates the pO2 de-
pendencies of the defect concentrations as they will be derived in the following
on double logarithmic scales. A power law dependency such as [ ] ∝ (pO2)α will
appear as a linear dependency with slope α in the [log[ ]− log(pO2)] plot.
Intrinsic region
At very reducing conditions - for which STO is reduced (eq. (2.9)) rather than
oxidized (eq. (2.7)) - the oxygen vacancy concentration is the dominant term
on the right-hand side of equation (2.14), since holes are predominately created
during oxidation. For [V ••O ] >> [A
′] /2, the charge of the oxygen vacancies has
to be compensated by electrons as the constant acceptor concentration can only
compensate a limited number of oxygen vacancies. As a consequence, equation
(2.14) reads
n ' 2 [V ••O ] . (2.15)
Utilizing eq. (2.15), it follows from the reduction reaction (eq. (2.9)) that
n =
(
2Kred0
)1/3
exp
(
−∆H
red
3kBT
)
· (pO2)−1/6 (2.16)
∝ (pO2)−1/6
and
[V ••O ] = n/2 ∝ (pO2)−1/6.
Moreover, the band gap excitation (eq. (2.4)) yields
p ∝ (pO2)+1/6
with n, [V ••O ] >> [A
′].
Extrinsic n-type region
When increasing the oxygen partial pressure, n decreases and crosses the acceptor
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Figure 2.3: Schematic illustration of the defect con-
centrations in acceptor-doped STO. The solid orange
line corresponds to
[
V ′′Sr
]
for a frozen Schottky equi-
librium, the dashed orange line corresponds to
[
V ′′Sr
]
for an active Schottky equilibrium.
level at some point. Now, the left hand side of eq.(2.14) can be estimated by [A′]
and the charge neutrality is approximated by
[A′] ' 2 [V ••O ] . (2.17)
The oxygen vacancy concentration thus remains effectively constant even when
the oxygen partial pressure is further increased. In fact, the further incorporation
of oxygen is restricted due to the negative charge of the acceptors which has to
be compensated by a sufficient amount of positive charge. Now, the reduction
reaction yields
n =
(
2Kred0
[A′]
)1/2
exp
(
−∆H
red
2kBT
)
· (pO2)−1/4 (2.18)
∝ (pO2)−1/4
when plugging in
[V ••O ] = [A
′] /2 = const.
Thus, n is further decreasing with increasing pO2. However, the slope changes
from (−1/6) to (−1/4) in the double logarithmic plot (see fig. 2.3).
Using the oxidation reaction (eq.(2.7)), it likewise follows
p =
(
Kox0 · [A′]
2
)1/2
exp
(
−∆H
ox
2kBT
)
· (pO2)+1/4 (2.19)
∝ (pO2)+1/4.
Although [V ••O ] is not changing significantly in the extrinsic region, the electron
and hole concentrations are still strongly dependent on oxygen partial pressure.
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As their total concentration is smaller (by orders of magnitude) than the oxygen
vacancy concentration, tiny variations in [V ••O ] already have a large impact on n
and p.
Extrinsic p-type region
As derived above, p is increasing with increasing pO2, while n is decreasing with
increasing pO2. Thus, the concentrations of holes and electrons cross at a certain
pO2. Above this oxygen partial pressure, holes are the predominant electronic
charge carriers (p > n), so that this region is called p-type instead of n-type (cf.
fig. 2.3).
Activated Schottky-equilibrium
Considering that the Schottky-equilibrium is activated, [V ′′Sr] is no longer a con-
stant. Instead, [V ′′Sr] follows the inverse behavior of [V
••
O ] according to eq. (2.13).
Hence, the concentration of Sr vacancies is low under reducing conditions, where
[V ••O ] is large. [V
′′
Sr] increases proportionally to pO
+1/6
2 in the intrinsic regime
and remains constant in the extrinsic regime, as indicated by the dashed line in
fig. 2.3. All other defect densities, i.e. n and p, are unaffected by the activated
Schottky-equilibrium.
2.4.5 Donor-doped STO
In analogy to acceptor-doped STO, the temperature and oxygen partial pressure
dependence of the defect concentrations in donor-doped STO ([D•] >> [A′]) will
be deduced starting a low pO2. As it will turn out, the Schottky-equilibrium
has a much larger impact on the defect structure for donor-doped STO as com-
pared with the acceptor-doped case (cf. fig. 2.4). First, however, the Schottky-
equilibrium is considered to be frozen.
For predominately donor-doped STO with inactive Schottky-equilibrium, the
charge neutrality condition reads
n = p+ 2 [V ••O ] + [D
•] . (2.20)
Intrinsic region
Similar to the case of acceptor-doped STO, the oxygen vacancy term, 2 [V ••O ], is
dominant for very low oxygen partial pressures. Accordingly, equation (2.20) is
estimated to be
n ' 2 [V ••O ]
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for highly reducing atmosphere. As derived above, it follows that
n =
(
2Kred0
)1/3
exp
(
−∆H
red
3kBT
)
· (pO2)−1/6
∝ (pO2)−1/6,
[V ••O ] ∝ (pO2)−1/6,
and
p ∝ pO+1/62
with n, [V ••O ] >> [D
•]. The determined carrier concentrations in the intrinsic
regime are thus independent from the dopant concentration which motivates the
notation intrinsic. In this region, donor-doped and acceptor-doped STO exhibit
similar electron, hole, and oxygen vacancy concentrations.
Plateau region
Increasing the ambient oxygen partial pressure, [V ••O ] decreases until it crosses the
constant donor level [D•] (see fig. 2.4). Hence, [D•] becomes the dominant term
on the right hand side of eq. (2.20), while holes are still negligible. Consequently,
the charge neutrality condition reads
n ' [D•] = const. (2.21)
Thus, the electron density becomes independent both of pO2 and of temperature,
as all donors are assumed to be already fully ionized. This region is denoted
as plateau region. As the extrinsic donors are compensated by electrons, the
corresponding compensation mechanism is called electronic compensation.
Within the plateau region the oxygen vacancy concentration is further decreasing
with increasing pO2 as one can see from eq. (2.9). It follows
[V ••O ] ∝ (pO2)−1/2,
when plugging in a constant value for n.
According to equation (2.4), p stays constant on a small value
p = const. << n.
For an inactive Schottky-equilibrium, the plateau-like behavior of n is preserved
when the oxygen partial pressure is further increased towards oxidizing condi-
tions. [D•] is a lower limit for the electron concentration, as no other negatively
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Figure 2.4: Schematic illustration of the defect concentrations in donor-doped STO. (a) For a frozen
Schottky equilibrium, (b) for an active Schottky equilibrium.
charged defects are available to compensate for the charge of the extrinsic donors.
Nevertheless, the STO matrix is further oxidized - in the sense of a deceasing
concentration of oxygen vacancies - when increasing the ambient oxygen partial
pressure (see fig. 2.4(a)). However, this oxidation process is without significant
effects on n and p.
Activated Schottky-equilibrium
For an activated Schottky-equilibrium the defect concentrations in donor-doped
STO are altered significantly. In contrast to acceptor-doped STO, where the
oxygen vacancy concentration has a lower limit, [V ••O ] is decreasing constantly
with increasing pO2 for donor-doped STO. As a consequence, [V
′′
Sr] is increasing
constantly according to eq. (2.13). For the intrinsic regime, it follows
[V ′′Sr] ∝ (pO2)+1/6,
and for the plateau region
[V ′′Sr] ∝ (pO2)+1/2.
While the electron concentration remains constant, the amount of V′′Sr increases
drastically. For an activated Schottky-equilibrium, STO is hence tending to in-
corporate strontium vacancies under oxidizing conditions in order to compensate
for the positive charge of the extrinsic donors.
Taking into account [V ′′Sr] on the left hand side of eq. (2.20), it follows that
n+ 2 [V ′′Sr] = [D
•] .
2.4 The defect chemistry of STO 23
As soon as [V ′′Sr] reaches one half of the electron concentration, the left hand side
of eq. (2.20) is dominated by the ionic contribution corresponding to a charge
neutrality condition of
2 [V ′′Sr] ' [D•] = const.,
which is called ionic compensation of the extrinsic donors.
[V ′′Sr] thus reaches an upper limit at [D
•] /2 and remains constant when further
increasing the ambient pO2 (see fig. 2.4(b)). As a consequence, [V
••
O ] remains
constant too according to equation (2.13). Using a constant oxygen vacancy
concentration in the reduction reaction (eq. 2.9) and oxidation reaction (eq.
2.7), it follows
n ∝ (pO2)−1/4
and
p ∝ (pO2)+1/4.
Thus, n deviates from the plateau- like behavior and starts to decrease below the
donor level with increasing pO2.
An intuitive way to describe the decreasing electron density due to the ionic
compensation of the extrinsic donors is to divide equation (2.9) by equation (2.13)
which yields
n2 · pO1/22
[V ′′Sr]
=
(
Kred0
KS0
)
exp
(
−∆H
red −∆HS
kBT
)
:= KV0 exp
(
−∆H
V
kBT
)
. (2.22)
This equation can be identified with a law of mass action of a virtual chemical
reaction
V′′Sr + (SrO)sp 
 SrxSr +
1
2
O2 + 2e
′ (2.23)
(which is sometimes referred to as Schottky surface reaction [113]). In this light,
the formation and annihilation of a strontium vacancy involves a gaseous oxygen
molecule in the surrounding, and either consumes or donates two free electrons.
In other words, a strontium vacancy-oxygen vacancy pair is, first, generated via
the Schottky-equilibrium (eq. (2.12)) under oxidizing conditions. Afterwards, the
oxygen vacancy is immediately oxidized under the consumption of two electrons.
(Reaction (2.23) illustrates that a sufficiently high electron density generates a
driving force for the incorporation of strontium vacancies in STO under oxidizing
conditions.)
The temperature activation of n in the ionic compensation regime is given by
EnA = ∆H
V /2 = (∆Hred −∆HS)/2 according to eq. (2.22).
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2.4.6 Dominant charge carrier and electrical conductivity
of STO
Having derived the pO2 dependence and temperature dependence of the defect
concentrations of acceptor-doped and donor-doped STO, the electrical conduc-
tivity in thermodynamical equilibrium with the surrounding atmosphere will be
discussed.
Principally, all charged defects may participate in the electrical transport, so that
STO has to be considered as a mixed ionic and electronic conductor. In addition
to the electronic contributions, σn and σp (corresponding to electron and hole
conduction), also the ionic contributions deriving from the diffusion of a charged
ionic defect have to be taken into account. In general form, the conductivity of
STO, σSTO, can be expressed by
σSTO = σn + σp +
∑
i
qiµi [Qi].
Here, qi corresponds to the charge and µi to the mobility of the ionic species
Qi. The mobility of the ionic defects is connected to their diffusion coefficient as
described by the Nernst-Einstein relation
µi(T ) =
qi
kBT
DQi(T ), (2.24)
where DQi(T ) denotes the thermally activated diffusion constant of the ionic
species Qi. The dominant ionic contribution is expected for the most mobile
species, i.e. for oxygen vacancies. Accordingly, the total conductivity of STO
reads in the first approximation
σSTO = eµnn+ eµpp+ 2eµV••O [V
••
O ] , (2.25)
where µn and µp denote the mobility of electrons and holes, respectively. The
mobility values are generally considered to be a function of temperature only,
whereas the particular ionic and electronic carrier concentration are functions of
both temperature and ambient oxygen partial pressure, as deduced in the previous
sections.
The (high) temperature dependencies of the mobility of electrons, holes, and
oxygen vacancies have been studied extensively [5, 114]. As described in Ref. [5],
the electron mobility and hole mobility obey a power law temperature behavior
µn(T ) = 3.95 · 104 (T [K])−1.62 cm2/Vs,
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and
µp(T ) = 1.1 · 106 (T [K])−2.36 cm2/Vs,
respectively. The mobility of oxygen vacancies is temperature activated
µV••O (T ) ≈ 1.0 · 104 (T [K])
−1 · exp
(
−0.86eV
kBT
)
cm2/Vs
according to Ref. [114]. For moderate temperatures (≈ 750 K), µn and µp have
comparable values, while µV••O is orders of magnitude smaller as shown in fig. 2.5.
Figure 2.5: The high temperature mobility of elec-
trons (µn, dashed line), holes (µp, dashed-dotted
line) and V••O (µV••O , short-dashed-dotted line). Af-
ter Ref. [5].
Acceptor-doped STO
As µn and µp are rather similar in the considered temperature range, the elec-
tronic conductance contribution, σel = σn + σp, follows directly from the derived
defect concentrations for acceptor-doped STO.
In the intrinsic and extrinsic n-type regime, electrons are the dominant charge
carriers (n > p, cf. fig. 2.3). Referring to the behavior of the electron con-
centration, σel decreases proportionally to (pO2)
−1/6 in the intrinsic regime and
proportionally to (pO2)
−1/4 in the extrinsic n-type regime as shown in fig. 2.6.
In the extrinsic p-type regime, the conductivity of STO is governed by the p-type
contribution due to the dominant hole concentration. Consequently, σel increases
proportionally to (pO2)
+1/4 after reaching a conductivity minimum. Therefore,
acceptor-doped STO exhibits both, dominant n-type conductivity for reducing
atmosphere and dominant p-type conductivity for oxidizing atmosphere, which
results in a typical V -shaped electronic conductivity characteristic (cf. fig. 2.6).
The temperature dependence of σel can be approximated by the temperature
dependence of n and p, as the power law temperature dependence of the mobility
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Figure 2.6: Schematic illustration of the
electronic contribution to the high tempera-
ture conductivity of acceptor-doped STO. The
dashed lines indicate the temperature behavior
of the characteristics.
is rather weak compared with the exponential behavior of the carrier densities.
Consequently, it follows
σel ∝ exp
(
−∆H
red
3kBT
)
for the intrinsic regime (cf. eq. (2.16)),
σel ∝ exp
(
−∆H
red
2kBT
)
for the extrinsic n-type regime (cf. eq. (2.18)) and
σel ∝ exp
(
−∆H
ox
2kBT
)
for the extrinsic p-type regime (cf. eq. (2.19)). Hence, the reaction enthalpies
of reduction and oxidation reaction can be determined by a measurement of the
electronic equilibrium conductivity of STO.
Due to the low values of µV••O , an influence of the ionic conductivity is only
expected close to the minimum of the electronic conductivity in the extrinsic
regime. Here, [V ••O ] is a constant, so that σV••O appears as an oxygen partial
pressure independent conductivity contribution which is thermally activated due
to the temperature dependence of µV••O . It follows for the extrinsic regime
σV••O = 2eµV••O [V
••
O ] ≡ eµV••O [A′] = const. at given T.
Donor-doped STO
For donor-doped STO, the n-type conductivity is the dominating conductivity
contribution, as n exceeds p over the entire considered pO2 range (cf. fig. 2.4).
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Hence, σel(= σn) follows the pO2 dependence of n. For the intrinsic regime, it
follows that
σel ∝ (pO2)−1/6,
similar to the behavior of acceptor-doped STO. In the intrinsic region, σel is like-
wise thermally activated with an activation energy EnA = (∆H
red/3), neglecting
the weak temperature dependence of µn. Within the plateau region, n is indepen-
dent of ambient pO2 and temperature, so that the conductivity of donor-doped
STO also shows an conductivity plateau
σel = const. 6= σel(pO2).
Due to the power law temperature dependence of µn, the conductivity of donor-
doped STO shows a weak metallic temperature dependence in the plateau region.
Compared with the exponential activation in the intrinsic regime, however, σel
appears as temperature independent on double logarithmic scales.
In the case that the Schottky-equilibrium is not active, the metallic conductivity
is maintained in oxidizing conditions. Considering a mobile strontium sublattice,
however, the conductivity of STO decreases in oxidizing atmosphere due to the
ionic compensation of the extrinsic donors by strontium vacancies. In this case,
the conductivity decreases according to
σel ∝ (pO2)−1/4.
Moreover, σel is thermally activated with activation energy E
n
A = ∆H
V /2 =
(∆Hred −∆HS)/2 (cf. eq. (2.22)). A sketch of the conductivity characteristics
of donor-doped STO is displayed in fig. 2.7.
Figure 2.7: Schematic illustration of the high
temperature conductivity of donor-doped STO.
The black dashed lines indicate the tempera-
ture behavior of the characteristics. The red
dashed lines illustrate the conductivity behavior
in oxidizing atmosphere for a frozen and active
Schottky equilibrium.
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Comparing the equilibrium conductivity characteristics of acceptor-doped (fig.
2.6) and donor-doped (fig. 2.7) STO, one can identify the fundamental differ-
ences. The equilibrium conductivity of acceptor-doped STO is thermally acti-
vated over the entire considered oxygen partial pressure range. In contrast to
that, donor-doped STO exhibits a pO2 independent plateau region with weak
metallic temperature dependence. This pivotal feature will be used to identify
the fundamental conduction mechanisms at the interface between LAO and STO
within this work.
2.4.7 Polarity induced electrons in STO
The defect chemistry model of STO introduced in the previous paragraphs as-
sumes a charge neutral bulk material as stated in eq. (2.1). For the LAO/STO
interface, however, it has been proposed that charge might be injected into STO
in absence of extrinsic defects due to a potential built-up caused by the polar
nature of LAO [15].
Within the defect chemistry model of STO, this scenario might be formally mod-
eled by a simple space charge approach which corresponds to a modification of
the charge neutrality condition. Given that STO is carrying a constant overall
negative net charge −QP due to the charge transfer from an external source (e.g.
from an polarity-induced electronic reconstruction), the charge balance of the
system is given by
p+ 2 [V ••O ]− n− 2 [V ′′Sr] = −QP 6= 0.
By rearranging the expression, one gets
n+ 2 [V ′′Sr] = p+ 2 [V
••
O ] +QP ,
which is formally similar to the charge neutrality condition of donor-doped STO
when identifying QP = const. with [D
•] = const.. As a consequence, all defect
concentrations such as n, p, [V ••O ] and [V
′′
Sr] are expected to show a similar de-
pendence on oxygen partial pressure and temperature as for the case of extrinsic
donor-doping.
Chapter 3
Experimental methods
This chapter will briefly introduce the most important experimental methods ap-
plied in this work. After the description of the pulsed laser deposition technique,
the structural analyses tools will be introduced. Afterwards, the electrical char-
acterization methods will be addressed with a focus on the measurement of the
high temperature equilibrium conductance in various oxygen atmospheres.
3.1 Pulsed laser deposition (PLD)
Pulsed laser deposition (PLD) was applied to grow the miscellaneous perovskite
thin films discussed in this work. PLD is a powerful deposition method which
is widely used to transfer the complex stoichiometry of multicomponent target
materials into thin films.
During PLD, the desired film material is ablated from a target under defined vac-
uum conditions by high energetic nanosecond laser pulses (see fig. 3.1). The high
energetic impact of the laser pulses instantaneously generates a plasma plume in
front of the target consisting of neutral and ionized species of the target mate-
rial. As this ablation process is far from thermodynamic equilibrium, component
dependent melting temperatures of the target species are of minor importance,
and the stoichiometry of the target material is primarily conserved in the plasma
phase.
The substrate material is glued on a heater placed in the center of the plasma
plume in a typical distance of several centimeters from the target. The incident
plasma particles nucleate on the surface of the substrate and start to form a
film. Depending on the particular background pressure, the adatoms reach the
surface of the substrate with kinetic energies ranging from 0.1 meV (thermalized)
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Figure 3.1: Schematic illustration of a
RHEED-controlled PLD setup. The laser
beam is directed on the target. The heated
substrate is located in the center of the plasma
plume. For RHEED control, an electron beam
is directed to the surface of the sample in graz-
ing incidence angle. The resulting diffraction
pattern is monitored on a phosphor screen and
recorded by a CCD camera. Image taken from
Ref. [116] (modified).
to several electron volts. In order to provide an epitaxial growth of the film, the
substrates are heated up to temperatures between 550 ◦C and 850 ◦C (or even
higher temperatures, see Ref. [115]), as to provide for a sufficient mobility of the
adatoms on the surface of the growing film. At these deposition temperatures,
the adatoms are able to move on energetically favored positions on the surface,
which leads to a well ordered growth.
Having a closer look on the properties of the thin films which are obtained by
PLD, one finds that the stoichiometry of the deposited films is a result of the
complex interplay between laser ablation process and plasma kinetics during the
deposition [115].
Thus, the adjustment of the process parameters is a crucial prerequisite to ob-
tain high quality epitaxial perovskite thin films and heterostructures. Moreover,
the controlled variation of the process parameters can be used to finetune the
stoichiometry of the deposited films (defect engineering). The most important
parameters for the PLD of oxide thin films are the laser fluence, F (which de-
termines the material ablation process), the oxygen background pressure, pdep
(which influences the plasma expansion, the kinetic energy of the adatoms and
their oxidation state), and the substrate temperature, Tdep (which determines the
mobility of the adatoms on the surface of the growing film) [115].
In the present setup (Twente Solid State Technology (TSST) B.V., The Nether-
lands), a KrF excimer laser is used providing nanosecond laser pulses with flu-
ences between 1 J/cm2 and 3.2 J/cm2. The provided wavelength, λ = 248 nm, is
very suitable for the deposition of complex oxides which commonly have a high
absorption coefficient in the UV region. The oxygen background pressure is typ-
ically adjusted between 0.1 mbar and 4× 10−5 mbar. The substrate temperature
can be set to 800◦C at maximum. More details on the PLD process can be found
in Ref. [117].
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3.2 Reflection high energy electron diffraction
(RHEED)
The used PLD setup is equipped with a (differentially pumped, high pressure)
reflection high energy electron diffraction (RHEED) system (TorrRHEEDTM ,
STAIB Instruments GmbH, Germany), which enables the in-situ monitoring of
the growth process.
A high energetic electron beam (E = 25 keV) is directed onto the substrate´s sur-
face in grazing incident angle (α ≤ 3◦). The diffracted electrons are monitored on
a phosphor screen located on the opposite side of the substrate (cf. fig. 3.1). Due
to the low incident angle, the electrons interact with the topmost atomic layers
of the substrate, so that the observed diffraction pattern yields information on
the surface structure of the substrate and the growing film, respectively. To some
extend, the incident electrons are directly reflected on the sample surface, while
the fraction of reflected electrons depends on the surface roughness. In a simple
picture, a high number of reflected electrons is expected for atomically smooth
surfaces, while a lower number of reflected electrons is expected for rough surfaces
exhibiting a higher concentration of scatter centers (see fig. 3.2). The intensity
of the reflected electron beam thus is a direct measure of the surface roughness.
During the growth process, the diffraction pattern on the phosphor screen is
permanently recorded and digitalized by a CCD camera. The evolution of the
integrated intensity of the specular spot then is monitored as a function of de-
position time. Depending on the particular growth mode, the RHEED intensity
shows a specific transient behavior. As an example, a layer-by-layer growth mode,
in which the deposited film is growing one monolayer after another, will be con-
sidered in the following.
Starting with an atomically flat surface (fig. 3.2(a)), the surface roughness in-
Figure 3.2: Schematic description of the re-
flection of electrons on the substrate surface
during layer-by-layer grwoth mode. The inten-
sity of the specular spot decreases when incom-
ing particles form scatter centers. As soon as
the coverage reaches more than 50%, the in-
tensity increases again. As a result, RHEED
intensity oscillations are observed.
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creases during the initial stage of the growth of a single monolayer as the adatoms
act as scatter centers on the surface (fig. 3.2(b)). Accordingly, a decreasing in-
tensity of the reflected electron beam is observed (fig. 3.2(f)). For a surface
coverage of 50%, the surface roughness has reached its maximum (fig. 3.2(c)).
Therefore, the RHEED intensity is exhibiting a minimum. For a further increase
of the surface coverage (fig. 3.2(d)), the amount of scatter centers is decreasing
again resulting in an increasing RHEED intensity signal which finally recovers
its initial value as soon as the coverage reaches 100% (assuming an ideal layer-
by-layer growth mode, fig. 3.2(e)). In layer-by-layer growth mode, the RHEED
intensity thus shows an oscillatory behavior. Each observed oscillation period
corresponds to the growth of a single monolayer. As a consequence, the RHEED
technique enables to control the thickness of the deposited films on the atomic
scale (provided that a layer-by-layer growth mode is achieved).
Moreover, RHEED provides many more applications for the in-situ study of the
growth kinetics, the full description of which is beyond the scope of this work.
More detailed information on the RHEED technique and associated applications
can be found in Refs. [117–119].
3.3 Atomic force microscopy (AFM)
The surface morphology of the single crystalline substrates and deposited thin
films was investigated by atomic force microscopy (AFM). AFM images were
recorded in tapping mode using a SIS Pico Station, UltraObjective.
In AFM, an atomically sharp tip attached to an elastic cantilever is scanned over
the sample surface. Morphological changes of the surface result in a bending
(and a change of the resonance frequency) of the cantilever. This bending can
be detected by the reflection of a laser beam on the backside of the cantilever. A
multiple segmented photo sensor is located in an appropriate distance from the
cantilever. Therefore, small angular displacements of the cantilever result in a
detectable migration of the laser reflection on the sensor obeying the principle of
an optical lever.
Using AFM, the surface morphology can be resolved with subnanometer resolu-
tion. In particular, the commonly observed step terrace structure with single unit
cell step heights (≈ 0.4 nm) can be monitored. Surface roughness parameters can
be obtained as the root mean square (RMS) value of the AFM image.
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3.4 X-ray diffraction (XRD) and reflectivity
(XRR)
The crystal structure of the epitaxial thin films was characterized by means of
X-ray diffraction (XRD) and X-ray reflectivity (XRR) which offers information
on the lattice constants of the deposited film, its crystallinity and thickness.
The measurements were performed using a Philips PW 3020 diffractometer (with
a Cu-Kα X-ray tube, λKα,1 = 1.540598 A˚, λKα,2 = 1.544426 A˚) in Bragg-Brentano
geometry which yields the detected X-ray intensity as a function of the incident
angle, Θ (or, more commonly, the doubled incident angle 2Θ), of the X-rays with
respect to the crystal planes of the investigated sample. Due to the periodic
crystal lattice of the substrate and the epitaxial thin films, the observed intensity
shows distinct intensity peaks for incident angles which fulfill Bragg´s equation
nλ = 2dhkl sin Θ, (3.1)
where dhkl denotes the lattice spacing of the crystal planes with Miller indices
(hkl) and n is an integer number.
Due to the finite thickness of the thin films, the corresponding film peaks exhibit
a broadening compared with the substrate peaks. Moreover, thickness fringes are
observed. These specific features enable to clearly distinguish between crystal
structure of the epitaxial thin films and subjacent substrate.
The X-ray reflectivity was measured at low incidence angles. As a result of the
generally deviating electron density in the thin film and in the substrate, the
reflected intensity is modulated due to the reflection at the sample surface and
the layer-to-substrate interface. The periodicity of the intensity modulation is
correlated to the thickness of the film, t, according to
t =
λ
2∆Θ
.
3.5 Others
Selected samples were further characterized by additional standard analysis tech-
niques. The stoichiometry of the epitaxial thin films was determined by X-
ray photoelectron spectroscopy (XPS)1. The atomic structure and the atomic
1Measurements were provided by Katharina Skaja, Peter Gru¨nberg Institute 7,
Forschungszentrum Ju¨lich GmbH, Ju¨lich, Germany.
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scale chemical composition of the heterostructures were investigated by means of
aberration corrected high resolution electron (scanning) transmission microscopy
(HR(S)TEM) in high annular angle dark field (HAADF) mode. Moreover, elec-
tron energy loss spectroscopy (EELS) was employed in stripe STEM method2.
3.6 Electrical characterization
The electrical properties of the samples
Figure 3.3: Sketch of the measurement ge-
ometry in van der Pauw configuration
were investigated in van der Pauw configura-
tion. In order to achieve contact to the buried
interfaces, the heterostructures were glued on
an insulating SiO2 sample holder which was
provided with sputtered Ti/Pt contact pads
(see fig. 3.3). Contact pads and interface were connected by ultra-sonic Al wire
bonding which penetrates the insulating surface layer of the heterostructures. Fi-
nally, the Ti/Pt pads can easily be contacted to a four-point-probe setup.
3.6.1 Van der Pauw measurements
In van der Pauw configuration, the sheet resistance of an arbitrary, homoge-
neously conducting, 1-connected area can be determined in a four-point-probe
measurement. The electrical point contacts, A, B, C and D (see fig. 3.3), can be
placed at arbitrary positions at the edges of the conducting area (i.e. the Al wires
are placed close to the edges of the sample during bonding). The sheet resistance,
RS, of the samples can be determined by the subsequent measurement of
RAB,CD =
UAB
ICD
and RBC,AD =
UBC
IAD
.
According to Refs. [120, 121], RS is then given by
RS =
1
σt
=
pi
ln (2)
· RAB,CD +RBC,AD
2
· f
(
RAB,CD
RBC,AD
)
, (3.2)
where t and σ correspond to the thickness of the conducting sheet and its con-
ductivity, respectively. f denotes a correction factor which can be numerically
determined from the measured resistance ratio, (RAB,CD/RAC,BD), according to
the transcendental expression
cosh
(
RAB,CD/RBC,AD − 1
RAB,CD/RBC,AD + 1
· ln 2
f
)
=
1
2
exp
(
ln 2
f
)
. (3.3)
2Analyses and images were acquired by Shaobo Mi, Chunlin Jia, and Lothar Houben, Peter
Gru¨nberg Institute 5, Forschungszentrum Ju¨lich GmbH, Ju¨lich, Germany.
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For small values of (RAB,CD/RBC,AD) < 10, eq. (3.3) yields f ≈ 1.
Room temperature measurements were performed using a Keithley 2611 SourceMe-
ter. Low temperature measurements were obtained in a Lakeshore TTP4 cryo-
genic probe station.
3.6.2 Hall measurements in van der Pauw configuration
The sheet electron density, nS, of the heterostructures likewise can be determined
in van der Pauw configuration. For a magnetic field, B, applied perpendicular to
the conducting sheet, the Hall coefficient, RH , is given by
RH ≡ 1
enS
=
∆RAC,BD
B
, (3.4)
where e denotes the elementary charge and ∆RAC,BD is given by
∆RAC,BD =
UAC(B 6= 0)− UAC(B = 0)
IBD
.
The electron mobility, µn, is finally obtained by a measurement of both, RS and
RH ,
µn =
RH
RS
.
More details can be found in Refs. [120, 121]. Room temperature measurements
were performed using a BIO RAD Hall system (HL55, 0.32 T). Low temperature
measurements were obtained in a Quantum Design PPMS cryostat.
3.7 High temperature equilibrium conductance
(HTEC) measurements
The experimental setup for the measurement of the high temperature equilibrium
conductance in controlled oxygen partial pressure (pO2) will be briefly introduced
in the following. A more detailed description of the setup is given in Refs. [122,
123]. Technical drawings of setup and sample holder are attached in appendix A.
The experimental setup is sketched in figure 3.4. An Al2O3 tube furnace was
used to provide high temperatures between 800 K and 1100 K. A closed yttria-
stabilized zirconia (YSZ) tube, which is used as an oxygen pump, is located inside
the furnace. Sample and electrical probes are located inside the closed volume of
the YSZ oxygen pump. The working principle of the pO2-control, which allowed
to continuously adjust the oxygen partial pressure between 1 bar and 10−23 bar,
is described below.
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Figure 3.4: Experimental setup of the high
temperature equilibrium conductance measure-
ments in controlled ambient oxygen partial
pressures.
The YSZ oxygen pump system - working principle
At high temperatures (≥ 700 K), YSZ is an oxygen ion conductor and can be
used to transport ionized oxygen from one side of the YSZ tube wall to another.
Assuming different oxygen partial pressures, pOin2 and pO
out
2 , in the closed vol-
ume inside the YSZ tube and in the surrounding volume, oxygen ions will start
to migrate through the YSZ wall along the concentration gradient striving for
equilibrium. In order to form O2−-ions, the gaseous O2-molecules have to be
dissociated at the surface of the YSZ tube wall. The required electrons are pro-
vided by porous Pt electrodes which are applied on both sides of the YSZ tube.
As a result of the charge transport, the so-called Nernst voltage, UN , drops be-
tween these two sense electrodes. This can be related to the actual oxygen partial
pressures on both sides of the YSZ tube wall according to Nernst´s equation
UN =
kBT
4e
ln
(
pOout2
pOin2
)
, (3.5)
where e and kB denote the elementary charge and Boltzmann´s constant.
A constant reference gas atmosphere in the surrounding of the closed YSZ tube
is provided by a constant flow of air (pOout2 = pO
air
2 = 206.4 mbar) within the
furnace. As a consequence, the actual oxygen partial pressure inside the YSZ
tube can be determined by the measurement of the Nernst voltage,
pOin2 [bar] = 0.2064 · exp
(
−46.42 UN [mV]
T [K]
)
. (3.6)
Besides the measurement of the oxygen partial pressure, the described prin-
ciple can also be used to set a defined oxygen partial pressure, pOin2 . For this
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pumping operation, two additional pumping electrodes are applied to the YSZ
tube. Applying an external voltage to the pumping electrodes, oxygen ions can
be pushed in or drawn out of the inner volume of the YSZ tube. As a result, pOin2
and, thus, UN (which drops at the sense electrodes) changes. In a control loop
(using a Eurotherm 2408 -PID-controller with dynamical parameter adjustment),
the pump voltage is adjusted such that a defined, stable Nerst voltage drop is
achieved at the sense electrodes. Thereby, a defined oxygen partial pressure in
the inner volume of the YSZ tube is obtained obeying equation (3.6).
With this methods, pOin2 can be controlled over orders of magnitude between
1 bar and 10−23 bar corresponding to Nernst voltages between −50 mV ≤ UN ≤
1300 mV.
Titration effects
For intermediate oxygen partial pressures (10−6 bar . pO2 . 10−12 bar) and low
temperatures (T ≤ 950 K), pO2-gradients may arise in the inner volume of the
YSZ tube due to titration effects [122–124] which involve residual gas reactions
such as
2H2 + O2 
 2H2O or
2CO + O2 
 2CO2.
As a result of the finite spacing between sample and sense electrodes, the actual
pO2 in the surrounding of the sample may differ from the pO2 measured at the
sense electrodes. The effect of pO2-gradients can be quantized by a reference
measurement in which a λ-sensor is placed at the nominal sample position as
described in Ref. [123]. The results of the reference measurement are also shown
in appendix A.3.
As a consequence of the titration processes inside the experimental setup, certain
pO2-ranges are not accessible at particular equilibration temperatures. Gener-
ally, it is favorable to use equilibration temperatures ≥ 950 K in order to avoid
measurement artifacts caused by pO2-gradient within the experimental setup.
Sample preparation
For the high temperature measurements, 5 × 10 mm2-wide samples were used.
Four platinum contacts were sputtered on top of the sample as shown in figure
3.5. The platinum contacts range over the full width of the sample and are 800µm
wide. The two outer electrodes are located at the short edges of the sample and
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are used for the current induction, whereas the voltage drop is measured between
the inner electrodes which are placed 5 mm apart from each other in the center
of the sample. Consequently, the four-point-probe conductance measurement in
this sample geometry corresponds to the conductance of a 5 × 5mm2 square in
the center of the sample,
G = σ · bt
l
b=l
= σ · t ≡ 1
RS
. (3.7)
This makes the values comparable to sheet conductance measurements obtained,
for example, from van der Pauw measurements.
Within the setup, each contact pad is wrapped by a 100µm thin Pt wire. The
four Pt wires then are connected to the sample holder. Four small slits are cut
into the sample on each side in order to hold the wrapped wire on the contact
pads.
Figure 3.5: 5 × 10 mm2-wide samples
are prepared in the pictured configura-
tion. Four sputtered Pt contact are ap-
plied which provide a central quadratic
area with l = b = 5 mm. Small slits are
cut into the sample in order to hold the
Pt wires.
Electrical measurements and establishment of thermodynamic equilib-
rium
The sample is located inside the YSZ tube in close vicinity to the inner sense elec-
trode. The corresponding sample holder is equipped with four triaxially shielded
wires which provide a four-point-probe measurement of the sample´s conduc-
tance.
In order to obtain thermodynamical equilibrium, the samples were kept at a con-
stant temperature and oxygen partial pressure for a sufficiently long equilibration
time (typically 1-2 hours). During equilibration, the transient relaxation of the
sample into its equilibrium conductance is monitored. Approaching thermody-
namic equilibrium, the monitored conductance shows an asymptotic behavior.
The limiting value of the sample´s conductance is then determined in a precise
I − V measurement. The equilibrium conductance values are finally plotted as
a function of equilibration temperature and ambient oxygen partial pressure on
double logarithmic scales.
Chapter 4
Electrical and structural proper-
ties of LAO/STO heterostructures
In this chapter, the standard system of a conducting interface between a polar
and a non-polar perovskite oxide, namely LAO/STO heterostructures, will be
characterized in terms of structural and electrical analyses. After describing the
STO substrate preparation in section 4.1, the growth process of LAO will be dis-
cussed in section 4.2. The resulting crystal structure of the LAO/STO interface
and its chemical composition on the atomic scale will be described in section 4.3.
Subsequently, the electrical properties of the LAO/STO heterostructures will be
discussed in section 4.4. Section 4.5 finally addresses the high temperature equi-
librium conductance characteristics of LAO/STO heterostructures which reveal
the electrical interface properties in the light of the defect chemistry model of
STO.
4.1 STO substrate preparation
Single crystalline STO substrates in (100) orientation were supplied by Crystec
GmbH, Berlin, Germany. The as-received substrates exhibit a polished surface
with disordered step terrace structure as shown in fig. 4.1(a).
A smoother surface with more regular step terrace structure is achieved by a
standard thermal treatment for four hours at 950 ◦C in air (see fig. 4.1(b)).
However, the mere annealing procedure results in a mixed termination of the
(100) STO surface, i.e. a partial surface coverage with SrO and TiO2. As a
characteristic feature for this mixed termination, the step terraces exhibit sharp
edges and kinks. Moreover, terrace steps of half unit cell height are observed
40 Chapter4. LAO/STO heterostructures
[125].
A uniform TiO2 termination of the STO surface can be achieved by an additional
wet etching process in buffered hydrofluoric acid (BHF) solution which removes
SrO from the surface of the STO crystal as described in Refs. [125, 126]. In
the wet etching process, the as-received STO substrates are first rinsed in water
in order to form Sr(OH)2 complexes which can easily be dissociated by HF in a
subsequent etching step. The corresponding chemical reactions read
SrO + H2O
 Sr(OH)2 (4.1)
Sr(OH)2 + 2HF
 2H2O + SrF2. (4.2)
After the etching procedure and subsequent cleaning steps in acetone and iso-
propanol, the STO substrates are annealed for two hours at 950 ◦C in air in order
to achieve a regular step terrace structure. Compared with the annealing proce-
dure for unterminated STO substrates, the annealing time is shortened in order to
avoid a recurrent segregation of SrO towards the surface [109, 125, 127]. The re-
sulting surface morphology of the TiO2-terminated STO substrates is illustrated
in fig. 4.1(c). In contrast to the unterminated case, the step terrace structure
is perfectly regular and exhibits no kinks. All terraces are one unit cell (3.9 A˚)
high. Due to the wet etching process, small etch pits (black spots in the AFM
scan) may occur which are commonly located at extended crystal defects at the
crystal surface.
The TiO2-terminated STO substrates provide a perfect surface for the subsequent
growth of epitaxial perovskite thin films and, in addition, provide an allegedly ho-
mogeneous chemistry at the interface between terminated substrate and deposited
thin film. The particular process parameters used for the TiO2 termination of
Figure 4.1: Surface morphologies of (100) STO surfaces. (a) as-received, (b) unterminated (annealed for
four hours at 950 ◦C), (c) TiO2-terminated (BHF treated and annealed for two hours at 950 ◦C).
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(100) STO substrates are listed in table 4.1. A more detailed description can be
found in Ref. [123].
1. cleaning 2. etching 3. cleaning 4. annealing
acetone water acetone
(3 min) (3 min) (2min) 2 h, 950◦C,
isopropanol BHF isopropanol air
(3 min) (pH=6.5, 225 s) (2min)
Table 4.1: Process parameters for the TiO2 termination of (100) STO substrates.
4.2 Growth of LAO thin films on STO
LAO thin films were deposited on TiO2-terminated STO substrates by pulsed
laser deposition (PLD) using a single crystalline LAO target. The optimization
process of the PLD parameters is described in Ref. [123].
For this study, LAO thin films were grown at temperatures, TLAOdep , between 970 K
and 1070 K and oxygen background pressures, pLAOdep , between 1× 10−3 mbar and
4× 10−5 mbar. The laser fluence was kept at FLAO = 1.4 J/cm2 and an ablation
frequency of fLAO = 1 Hz was applied. After the growth, the samples were slowly
cooled down to room temperature with a cooling rate of ∆T = 10 K/min. In order
to recover a possible growth-induced reduction of the STO substrate [16, 28, 38],
the LAO/STO heterostructures grown at low oxygen pressure (4 × 10−5 mbar)
were additionally annealed for one hour in deposition atmosphere at TLAOdep .
As indicated by the RHEED intensity oscillations shown in fig. 4.2(a), the LAO
thin films grow in a layer-by-layer growth mode under the chosen growth condi-
tions. Commonly, the RHEED intensity shows an initial intensity drop due to
the different lattice constants of the STO substrate and the growing LAO thin
film. After the growth of about three unit cells (corresponding to three RHEED
intensity oscillations), a stable amplitude of the oscillatory RHEED intensity sig-
nal is observed. The layer-by-layer growth mode assures a well epitaxial growth
of the LAO thin films and enables the deposition of a defined number of unit
cells (see fig. 4.2(a)). Moreover, it assures an atomically flat, 2-dimensional film
surface as evident from the distinct spot-like diffraction pattern (see inset of fig.
4.2(a)). Fig. 4.2(b) shows the resulting surface morphology of the LAO films
obtained from AFM. A perfectly smooth film surface is achieved which exhibits
the similar regular step terrace structure as the subjacent TiO2-terminated STO
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Figure 4.2: Growth of LAO thin films. (a) RHEED intensity signal during the deposition of 19 unit
cells LAO at pLAOdep = 4 × 10−5 mbar and 25 unit cells LAO at pLAOdep = 1 × 10−3 mbar, respectively. (b)
Resulting surface morphology of the LAO thin films.
substrate.
The crystallinity of the LAO thin films was investigated by X-ray diffraction
as presented in fig. 4.3 for a representative 10 unit cells thick LAO layer. Clear
thickness fringes deriving from the epitaxial LAO layer are observed in the vicin-
ity of the (200) STO substrate peak which indicates a good crystallinity of the
thin film. Due to the small thickness of the LAO layer, the main film peak ap-
pears as a broad shoulder in the intensity profile so that its position can hardly
be determined. However, in reasonable agreement with the observed intensity
profile, the dashed line in fig. 4.3(a) marks the expected position of the (200)
LAO peak for an in-plane strained film according to the elastic limit (νLAO = 0.24
[128]). As reported in Refs. [123, 128], in-plane relaxation of the LAO thin films
accompanied by the formation of cracks is observed for layer thicknesses &25 unit
cells due to the lattice mismatch of about 3% between STO and LAO. In order
Figure 4.3: X-ray investiga-
tion of a 10 unit cells thick
LAO layer on STO. (a) XRD
spectrum around the (200)
STO substrate peak. The
dashed line corresponds to the
expected LAO film peak po-
sition according to the elastic
limit. (b) XRR measurements
reveal a film thickness of t =
3.8± 1 nm.
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to avoid this, the LAO layer thickness will be kept below this critical value for
the samples discussed in the following.
Fig. 4.3(b) shows the small angle X-ray reflectivity of a 10 unit cells thick LAO
layer on STO. The observed intensity modulations indicate a well-defined in-
terface between LAO layer and STO substrate and confirm the layer thickness
determined by RHEED during the deposition.
The structural analyses of the LAO thin films confirm the high quality of the epi-
taxial growth which was indicated by the monitored RHEED intensity oscillations
during the deposition process.
4.3 Atomic structure of the LAO/STO interface
The atomic structure of the LAO/STO interface was investigated by means of
high resolution (scanning) transmission electron microscopy (HR(S)TEM)1. The
perfect crystallinity and the epitaxial character of the deposited thin films are ev-
ident from fig. 4.4 which shows a high angle annular dark field (HAADF) image
of the interface region of a representative as-grown LAO/STO sample in (110)
viewing direction. (For the specimen preparation, the LAO/STO heterostructure
was capped by an amorphous LAO layer in order to protect the epitaxial thin
film.) Under the HAADF conditions the atomic columns cause bright contrast,
whereas the intensity of the image maxima increases with atomic number from
AlO columns via TiO and Sr to La columns, producing an additional chemi-
cal contrast. The distinct features in fig. 4.4 originate mainly from the A-site
columns of the STO substrate (bottom) and the LAO layer (top).
The brightness of the A-site atomic columns shows a gradual decrease across
the interface. For an atomically sharp interface, however, an abrupt, step-like
change would be expected. Therefore, the HAADF-HRSTEM image qualita-
tively demonstrates A-site cation intermixing on a length scale of 2–3 unit cells
at the interface in agreement with Refs. [15, 18, 91, 92]. In contrast to the A-site
columns, the BO columns are hardly resolved in the image, which makes any firm
statements on intermixing within the B-site sublattice difficult.
More quantitative evaluations of both the chemical composition and atomic
displacements at the interface between LAO and STO were achieved for a single
unit cell of LAO covered by a 10 unit cells thick epitaxial STO layer instead
1Images and analyses were provided by Shaobo Mi, Chunlin Jia, and Lothar Houben (Peter
Gru¨nberg Institute 5, Forschungszentrum Ju¨lich GmbH, Ju¨lich, Germany).
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Figure 4.4: HAADF HRSTEM
image of a representative, as-grown
LAO/STO interface. The distinct
features correspond to the A-site
atomic columns, La (top) and Sr
(bottom). (Publ. in Ref. [24].)
of an amorphous cover layer. The chosen sample geometry with epitaxial STO
cover has the advantage of a facilitated specimen preparation due to a more ho-
mogeneous etching rate throughout the sample [129]. The high quality specimen
preparation enables sophisticated quantitative analyses as will be described in
the following.
Fig. 4.5(a) shows the RHEED intensity signal recorded during sample fabrication.
A single oscillation period is observed for the growth of the monolayer LAO, and
10 oscillation periods for the subsequent growth of the STO capping layer. The
ideal atomic configuration in the vicinity of the single monolayer LAO is sketched
in fig. 4.5(b). Fig. 4.5(c) shows the corresponding HAADF HRSTEM image in
(110) viewing direction. Similar to the standard LAO/STO heterostructure, the
nominal single monolayer LAO is clearly resolved due to the bright Z-contrast of
the lanthanum atomic columns (indicated by the red arrow). The correspond-
ing electron energy loss (EEL) spectra (using the non-destructive stripe STEM
method [19]) across the LAO monolayer are displayed in fig. 4.5(d). The intensity
of the displayed signal can be directly translated into the chemical composition
of the sample. Obviously, the lanthanum content is not restricted to a single
monolayer, but smears out symmetrically over ±3 unit cells around the nominal
location of the LAO monolayer, which indicates A-site cation intermixing in ac-
cordance with the results discussed above. Furthermore, the oxygen content is
reduced in the vicinity of the nominal LAO layer which indicates the presence of
oxygen vacancies in the STO matrix adjacent to the nominal LAO layer.
The chemical composition of the interface region can also be obtained from a
HRTEM image using the negative spherical aberration imaging (NCSI) technique
[23]. Fig. 4.5(e) shows the HRTEM image of the single monolayer LAO embed-
ded in STO recorded in (110) direction. Using NCSI technique, good contrast
for all atomic columns including the oxygen columns is obtained. In contrast
to the HAADF alignment, however, the brightness of the La columns is rather
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Figure 4.5: Structure and chemical composition of a single monolayer LAO embedded in STO. (a)
RHEED intensitiy signal during sample fabrication. (b) Sketch of the ideal atomic structure in the vicinity
of the nominally single monolayer LAO. (c) HAADF HRSTEM image in (110) viewing direction. (d)
EEL intensity across the LAO monolayer obtained from the stripe STEM method. (e) HRTEM image in
(110) viewing direction. (f) Atomic displacements (top) and chemical composition (bottom) obtained from
numerical simulations of the HRTEM intensity profile. Images were adopted from Refs. [19] ((a)-(d)) and
[23] ((e),(f)).
weak, so that the nominal LAO layer cannot be resolved by eye (indicated by
the arrow). The obtained intensity pattern, however, can be fitted by the use of
complex numerical simulations [23] which finally yield the chemical composition
of the specimen across the nominal LAO layer as presented in fig. 4.5(f)(bottom).
The results are in good agreement with the findings of EEL spectroscopy, as they
likewise reveal A-site cation intermixing accompanied by an oxygen deficiency in
the vicinity of the nominal LAO layer. However, the revealed chemical profile is
asymmetric with respect to the nominal LAO layer. According to the simulation
of the HRTEM intensities, the intermixing extends about four unit cells into the
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STO capping layer (negative values in fig. 4.5(f)), while it extends about two
unit cells into the STO substrate (positive values). As will be discussed later
in this work, the STO capping layer incorporates an increased concentration of
cation vacancies compared with the single crystal substrate. As a result, the in-
terdiffusion of La cations into the capping layer may be facilitated resulting in an
asymmetric La profile. The experiment shows intermixing also for B-site cations,
namely for Al ions. Generally, the amount of Al is smaller than the amount of
La throughout the intermixed region. Therefore, a predominant A-site doping of
the STO layers adjacent to the nominal LAO monolayer can be assumed. The
amount of La intermixing is in the range of tens of percent (15-40at% within the
first three unit cells of the capping layer) which is in agreement with the findings
of Refs. [18, 20]. Likewise, the amount of oxygen deficiency close to the LAO
monolayer is in the range of 10-15at%. Due to a possible presence of acceptor-
type cation vacancies, an estimation of the carrier density caused by both A-site
donor doping and oxygen deficiency is difficult.
The simulations provide information also on the atomic displacements of the
oxygen and AO atomic columns in the surrounding of the nominal LAO layer
(fig. 4.5(f)(top)). The atomic columns shift towards the nominal LaO plane as
indicated by the negative displacements in the STO capping layer and by the
positive displacements within the STO substrate. This might generate a polar-
ization pointing away from the nominal LAO layer [23]. A similar effect has been
found for standard LAO/STO heterostructures [18, 130, 131].
In summary, the chemical and structural analyses of the LAO/STO interface
on the atomic scale reveal a very complex interface structure involving chemi-
cal intermixing on A- and B-sites, oxygen vacancies and atomic displacements
which cause an additional polarization at the LAO/STO interface. The observed
amount of intermixed species and oxygen deficiency is very significant. Thus, it
is expected that the electronic properties of the LAO/STO heterostructures are
as well strongly related to the actual atomic scale defect structure close to the
interface.
Remark As reported in Ref. [37] and as will be discussed in the following
sections, the electrical properties of the single monolayer LAO embedded in STO
are very similar to the ones of standard LAO/STO heterostructures. For this
reason, the quantitative results obtained in this section may be transfered to the
standard LAO/STO heterostructure too.
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4.4 Electrical characterization of LAO/STO
heterostructures
LAO/STO heterostructures were grown with various LAO layer thicknesses be-
tween 0 (bare substrate) and 25 unit cells. The resulting electrical properties
were investigated in van der Pauw configuration. The electrical contacts to the
buried LAO/STO interface were achieved by ultra-sonic Al-wire bonding.
Fig. 4.6(a) shows the thickness dependence of the room temperature sheet resis-
tance, RS(300 K), for LAO/STO heterostructures grown at p
LAO
dep = 1×10−3 mbar
and pLAOdep = 4 × 10−5 mbar, respectively. At a layer thickness of four unit cells,
the LAO/STO heterostructures show a sudden transition from insulating to con-
ducting behavior, represented by an abrupt drop of the sheet resistance which
was reported also in Ref. [32]. For layer thicknesses above this critical thickness,
the sheet resistance is primarily thickness-independent, which indicates that the
effect of the increasing LAO layer thickness is negligible once the conducting state
has been established. For the conducting samples, RS shows a slight dependence
Figure 4.6: Electrical properties of LAO/STO heterostructures. (a) Thickness dependence of the room
temperature sheet resistance of LAO(x)/STO heterostructures. (b) Temperature dependence of RS for a
representative LAO/STO heterostructure. (c), (d) corresponding sheet carrier density, nS , and electron
mobility, µn, obtained from Hall measurements.
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on the deposition pressure, which is consistent with Ref. [28]. The samples grown
at 1× 10−3 mbar exhibit sheet resistance values in the range of 30 kΩ, while the
resistances of the samples grown at 4 × 10−5 mbar are about 10 kΩ. The single
monolayer LAO embedded in STO (which was discussed in sec. 4.3) also showed
a conducting behavior with a sheet resistance of RS = 38 kΩ at room tempera-
ture.
The temperature dependence of the sheet resistance of a representative LAO/STO
sample (10 unit cells LAO on STO grown at 4 × 10−5 mbar) is shown in fig.
4.6(b). The corresponding sheet carrier density, nS, and the electron mobility,
µn, obtained from Hall measurements are displayed in fig. 4.6(c) and (d). The
sheet resistance decreases continuously with decreasing temperature down to 5 K.
The LAO/STO heterostructures thus exhibit a metallic conductivity behavior at
low temperatures as also reported in (e.g.) Refs. [1, 16, 28, 38]. nS is about
1×1014 cm−2 at room temperature which is well below the carrier density obtained
for 3-dimensional bulk conduction due to a reduced STO substrate [16, 28]. The
carrier density stays constant down to a temperature of about 100 K. At lower
temperatures, nS shows a strong decrease and reaches a value of 1.9×1013 cm−2 at
5 K. The carrier density thus exhibits a thermal activation at low temperatures,
where an activation energy of about 4 meV is found in reasonable agreement with
Refs. [39, 132].
The mobility increases with decreasing temperatures, while a proportionality of
µn ∝ T [K]−2
is found for temperatures above 50 K, which indicates a strong electron-electron
interaction [132]. At low temperatures, µn saturates at about 1800 cm
2/Vs.
Summary The obtained LAO/STO heterostructures exhibit a metallic con-
ductivity after the deposition of four or more unit cells of LAO. The step-like
dependence of the sheet resistance on the layer thickness indicates that the ob-
served conductivity of the LAO/STO heterostructures has to be ascribed to an
interface effect which is triggered by the growing LAO thin film [1, 15, 32, 87].
Below the critical thickness, a conducting LAO/STO interface was achieved for
an additional STO capping layer in agreement with Ref. [37].
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4.5 High temperature equilibrium conductance
characteristics of LAO/STO heterostructures
In this section, LAO/STO heterostructures are investigated by means of high
temperature conductance measurements in equilibrium with the surrounding at-
mosphere. The resulting high temperature equilibrium conductance (HTEC)
characteristics are discussed within the defect chemistry model of STO in or-
der to identify the fundamental chemical reactions and defect equilibria which
are involved in the formation of the conducting STO sheet at the LAO/STO in-
terface.
In a first step, the bare STO single crystal substrate (sec. 4.5.1) and a LAO
single crystal (sec. 4.5.2) will be characterized as reference samples. Afterwards,
the HTEC characteristics of representative LAO/STO heterostructures will be
compared to the single crystal references in order to extract the conductance
contribution of the LAO/STO interface (sec. 4.5.3).
4.5.1 HTEC characteristics of STO single crystals
Fig. 4.7 shows the high temperature equilibrium conductivity (σ = GSTO/t, cf.
eq. (3.7)) characteristics of a TiO2-terminated STO single crystal substrate with
a thickness of t = 500µm similar to the ones which are used for the growth
of LAO/STO heterostructures. As shown for 850 K, 950 K, 1050 K and 1100 K,
the high temperature conductivity characteristics follow the typical V -shaped
curve as expected for STO with inherent acceptor-type impurity content (see
sec. 2.4). In reducing atmosphere, STO shows n-type conductivity as a result
of the oxygen loss which causes the generation of free electrons according to the
reduction reaction (cf. eq. (2.9))
OxO 

1
2
O2 + V
••
O + 2e
′.
In this reducing regime, the conductivity of the STO single crystal decreases
with a characteristic slope of (-1/4) in the double logarithmic plot. For oxidizing
atmosphere, p-type conductivity is observed due to the generation of free holes
when incorporating oxygen into the crystal. This is described by the oxidation
reaction (cf. eq. (2.7))
1
2
O2 + V
••
O 
 OxO + 2h•.
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Figure 4.7: High temperature equilib-
rium conductivity of a TiO2-terminated
STO single crystal on double logarithmic
scales. 1100 K (3), 1050 K (a), 950 K
(` ), 850 K (e).
In the p-type regime, the conductivity of the STO single crystal increases with
increasing pO2 with a slope of (+1/4).
The characteristic slopes which are found for reducing as well as for oxidiz-
ing atmosphere are in very good agreement with the values predicted by the
defect chemistry model of STO. In particular, the slopes (±1/4) represent a fin-
gerprint of the ionic charge compensation of extrinsic acceptor impurities, A′,
by oxygen vacancies (cf. sec. 2.4). Hence, the charge neutrality condition
2 [V ••O ] = [A
′] = const. is valid between 1 bar and 10−23 bar for all investigated
temperatures. This implies that the amount of oxygen vacancies in the STO bulk
is not varying significantly over the entire investigated parameter window even
for oxygen partial pressures as low as 10−23 bar. Nevertheless, the conductivity of
the STO single crystal varies over many orders of magnitude due to its extreme
sensitivity to the defect concentrations within the crystal, so that already tiny
variations in the oxygen content have significant impact on the electron and hole
concentrations (cf. sec. 2.4).
The reaction enthalpies of reduction, ∆Hred, and oxidation, ∆Hox, can be deter-
mined from the temperature dependence of the high temperature conductivity in
the n-type and p-type regime, respectively (cf. eqs. (2.18) and (2.19) on page 19).
In both regimes, the conductivity of STO shows an Arrhenius-type temperature
activated behavior as shown in fig. 4.8. The Arrhenius-fit at a constant oxygen
partial pressure of pO2 = 10
−18 bar reveals an activation energy of EredA = 2.74 eV
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Figure 4.8: Arrhenius plots of the
high temperature conductivity of STO at
pO2 = 10−18 bar and pO2 = 10−4 bar.
which corresponds to a reduction enthalpy of
∆Hred = 2EredA = 5.48 eV.
Analogously, the Arrhenius-fit at pO2 = 10
−4 bar yields an activation energy of
EoxA = 0.49 eV and thus an oxidation enthalpy of
∆Hox = 2EoxA = 0.98 eV.
From these two enthalpies, also the band gap Eg of STO can be obtained accord-
ing to eqs. (2.4), (2.7) and (2.9) on page 15. It follows
Eg = (∆H
red + ∆Hox)/2 = 3.23 eV. (4.3)
All values obtained for the STO single crystal substrate are in good agreement
with literature values for the STO bulk [5, 90, 122, 133].
Using the obtained temperature dependencies and oxygen partial pressure depen-
dencies for the n-type conducting and p-type conducting regimes, the electronic
conductivity contribution σel can be fitted according to
σel = σn + σp = A · pO−1/42 exp
(
− H
red
2kBT
)
+B · pO+1/42 exp
(
− H
ox
2kBT
)
, (4.4)
with A and B being constant fitting parameters. The residual deviations between
fit (solid lines in fig. 4.7) and experimental data for intermediate pO2 values at
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the temperatures of 850 K and 950 K can be attributed to the ionic conductance
contribution due to oxygen vacancy diffusion
σV••O = 2 eµV••O [V
••
O ]
extrinsic regime
= eµV••O [A
′] .
Obviously, the ionic conductivity contribution is almost independent of oxygen
partial pressure accounting for the weak variation of [V ••O ] in the extrinsic regime.
Utilizing literature values for µV••O [114], it follows an estimated background im-
purity dopant concentration in the range of [A′] ≈ 3× 1017 cm−3. This value is in
good agreement with the results of chemical analysis of a comparable STO sub-
strate which was performed by laser ablation mass spectroscopy (LA-MS)2 and
revealed a dominant acceptor-type contamination in the 10 to 100 ppm range
(≈ 2× 1017 cm−3 − 2× 1018 cm−3).
In summary, the HTEC characteristics of the STO single crystal follow the pre-
dictions of the defect chemistry model of acceptor-doped STO. The strong pO2
dependence of the STO substrate´s conductivity is mainly governed by the oxygen
exchange reactions, i.e. reduction reaction and oxidation reaction. As demon-
strated in fig. 4.7, the high temperature conductivity of STO is thermally ac-
tivated over the entire investigated pO2 range which is an important statement
regarding the following discussion of the LAO/STO heterostructure. The most
important parameters which were deduced for the STO single crystal substrate
in this paragraph are summarized in table 4.2.
∆Hred 5.48 eV
∆Hox 0.98 eV
Eg 3.23 eV
[A′] 3× 1017 cm−3
Table 4.2: Summary of the most important quantities which were determined for the STO single crystal
in this section: Reaction enthalpies, band gap, and background impurity dopant concentration.
4.5.2 HTEC characteristics of LAO single crystals
As a prerequisite for the discussion of the HTEC characteristics of LAO/STO
heterostructures, the second involved perovskite oxide material next to STO,
namely LAO was characterized. For the experiment, a 5 × 10 mm2 piece was
2Measurements performed at Zentralabteilung fu¨r Chemische Analysen (ZCH),
Forschungszentrum Ju¨lich GmbH, Ju¨lich, Germany.
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Figure 4.9: High temperature equilib-
rium conductivity of a LAO single crystal
on double logarithmic scales. 1100 K (3),
1050 K (a), 1000 K (5), 950 K (` ), 850
K (e).
cut from a 500µm thick LAO single crystal. As a comparable single crystalline
LAO target was used for the PLD growth of the LAO/STO heterostructures, the
measurement on the LAO bulk single crystal can be regarded as an approximate
representation of the thin film material in terms of impurity content, stoichiom-
etry, and crystallinity.
Fig. 4.9 displays the high temperature equilibrium conductivity of the LAO single
crystal as a function of ambient oxygen partial pressure. Similar to STO, the con-
ductivity of the LAO single crystal can be ascribed to hole conduction following
a (+1/4)-dependence in the oxidizing regime and a constant ionic conductivity
contribution due to oxygen vacancy diffusion at intermediate oxygen partial pres-
sures and in reducing atmosphere [134]. In analogy to the STO single crystal, the
oxidation enthalpy ∆HoxLAO ≈ 0.8 eV can be determined by an Arrhenius-fit of the
measured conductivity at constant pO2 in the oxidizing regime. In contrast to the
STO single crystal, the n-type conductivity regime, which would follow a (-1/4)
behavior under reducing conditions, is absent in the characteristics of LAO. This
can be attributed to the large band gap of LAO (ELAOg = 5.6 eV [33]) resulting
in a large reduction enthalpy ∆HredLAO = 2E
LAO
g −∆Hox ≈ 10.4 eV according to
eq. (4.3).
Generally, the mixed ionic electronic conduction characteristic of both materi-
als LAO and STO allows for an equilibrium of the entire oxygen sublattice of the
54 Chapter4. LAO/STO heterostructures
LAO/STO heterostructure with the surrounding atmosphere to be established
in the studied temperature range between 850 K and 1100 K. In particular, an
epitaxial LAO layer should not work as a diffusion barrier for oxygen above 850 K
as indicated by the considerable ionic conductivity of LAO which was revealed in
the single crystal reference measurement.
4.5.3 The defect chemistry of the LAO/STO interface
After having characterized STO and LAO in the bulk phase, the high tempera-
ture conductance of LAO/STO heterostructures will be discussed in this section.
In a detailed analysis of the properties of a standard LAO/STO heterostructure,
the characteristic conductance behavior of the LAO/STO interface region will be
extracted and interpreted in terms of the defect chemistry model of STO.
Equivalent circuit model of the LAO/STO heterostructure
In this section, the conductance, G, of the LAO/STO heterostructure is discussed
instead of its conductivity, σ. This accounts, firstly, for the unknown thickness
of the conducting interface region (cf. section 2.2) and, secondly, for the intrinsic
inhomogeneity of the heterostructure (as it consists of various materials with
different conductivity). As described in section 3.7, the electrical contacts for
the HTEC measurements involve Pt wires which are wrapped around the entire
heterostructure - including STO substrate and LAO thin film. Therefore, one has
to consider that the resulting conductance signal is a measure of the integrated
conductance of the entire sample stack.
In a simple model, the total conductance, G, can be described by a parallel circuit
of three conductance contributions corresponding to the STO substrate, GSTO,
LAO thin film, GLAO, and the conductive LAO/STO interface, Gif . Considering
the bulk conductivity values for STO and LAO (see sec. 4.5.1 and 4.5.2), the
substrate contribution is expected to be much larger than the contribution of
Figure 4.10: Equivalent circuit model for the HTEC measurements on LAO/STO heterostructures.
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the thin LAO film (GSTO = σSTO · tSTO >> GLAO = σLAO · tLAO) due to the
tremendously different thicknesses (tSTO = 500µm >> tLAO ≈ 5 nm). Therefore,
the LAO thin film contribution can be neglected and G in first approximation is
given by
G = GSTO +Gif +GLAO ≈ GSTO +Gif . (4.5)
Experimental results
For the HTEC measurements on a standard LAO/STO heterostructure, 8 unit
cells of LAO were grown on a TiO2-terminated STO substrate at a deposition
pressure of 4 × 10−5 mbar. At room temperature, the resulting heterostructure
shows a metallic conductivity with a sheet resistance of about 10 kΩ and a sheet
electron density of 1× 1014 cm−2 (cf. chapter 4.4 for more details).
The resulting high temperature conductance characteristics for the LAO/STO
heterostructure (filled circles) in comparison to the STO single crystal data (open
symbols) are shown in fig. 4.11 for the temperatures 850 K, 950 K, 1050 K and
1100 K. (Please note, that due to experimental limitations no data points could
be determined for oxygen partial pressures between 10−12 bar and 10−7 bar at
850 K; cf. section 3.7.)
For 850 K (fig. 4.11(a)), a clear deviation between LAO/STO heterostructure
and STO single crystal is observed for oxygen pressures between 10−23 bar and
10−4 bar. Here, the conductance of the heterostructure is significantly larger than
the conductance of the bare STO crystal substrate (up to almost two orders of
magnitude at intermediate pO2 values) which indicates an additional conduc-
tion path at the LAO/STO interface according to equation (4.5). As it holds
G >> GSTO, the total conductance observed in this region can be attributed to
a dominant interface contribution
G ' Gif >> GSTO.
Hence, the interfacial conductance behavior can be extracted directly from the
total conductance in this pressure range. As one can see from fig. 4.11(a), Gif
appears as a horizontal, plateau-like conductance contribution which exhibits
only a weak dependence on the surrounding oxygen partial pressure far away
from the (±1/4) behavior of the STO single crystal. Compared with the STO
single crystal, such a behavior thus can be denoted as oxygen partial pressure
independent.
Above 10−4 bar, the conductance values of the LAO/STO heterostructure and
STO single crystal coincide. Hence, the increased p-type conductance of the
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STO substrate dominates the measurement and it holds
G ' GSTO >> Gif .
The interface conductance contribution Gif is concealed by the larger substrate
contribution and no information about the pO2 dependence of Gif can be ex-
tracted. Increasing the equilibration temperature to 950 K (fig. 4.11(b)), the pO2
range, where the HTEC characteristics of LAO/STO heterostructure and STO
single crystal deviate from each other, shrinks. Only in the intermediate pressure
range between 10−18 bar and 10−5 bar, the conductance of the LAO/STO het-
Figure 4.11: HTEC characteristics of the standard LAO/STO heterostructure (filled circles) in compar-
ison with the STO single crystal data (open circles) for various equilibration temperatures: (a) 850 K, (b)
950 K, (c) 1050 K, and (d) 1100 K. (Partially publ. in Ref. [24].)
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erostructure is significantly enhanced in comparison with the STO single crystal.
Here, the interface contribution shows the similar pO2-independent behavior and
exhibits almost identical values as for 850 K. Hence, the temperature dependence
of the interface conductance contribution is very weak too, as will be discussed in
more detail in the following paragraph. For reducing atmosphere below 10−18 bar
and oxidizing atmosphere above 10−5 bar, the STO substrate contribution dom-
inates the measurement and the HTEC characteristics follows the (-1/4) and
(+1/4) behavior of the STO single crystal. At 1050 K and 1100 K (fig. 4.11(c),
(d)), only a small influence of the interface conduction path is observed between
10−12 bar and 10−5 bar and the HTEC characteristics of both the LAO/STO het-
erostructure and the STO single crystal are identical over a wide pressure range.
As one has seen in section 4.5.1, the high temperature equilibrium conduc-
tance of the STO substrate is thermally activated over the entire investigated
temperature range. Due to the obviously weak temperature dependence of the in-
terface conductance contribution, the STO substrate contribution becomes more
and more dominant for higher equilibration temperatures, while the interface
conductance contribution is mostly dominant at lower temperatures. In order to
investigate the temperature dependence of Gif in more detail, the high temper-
ature equilibrium conductance of the standard LAO/STO heterostructure was
measured as a function of temperature at constant pO2 = 10
−18 bar. As shown
in fig. 4.12, two temperature regimes can be distinguished. Between 820 K and
Figure 4.12: High temperature equi-
librium conductance of a standard
LAO/STO heterostructure at constant
pO2 = 10−18 bar as a function of
equilibration temperature. Experimental
data (open circles), linear fit of the
interface contribution, Gif (dashed
line), exponential fit of the substrate
contribution, GSTO (dashed-dotted
line), and fit of the total conductance,
G = GSTO + Gif (solid line). (Publ. in
Ref. [24].)
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900 K, G decreases with increasing temperature down to a value of about 0.01 mS
corresponding to a metallic-type behavior. Above 900 K, G increases with in-
creasing temperature due to the exponentially rising conductance of the STO
substrate which exhibits extrinsic n-type conductivity at 10−18 bar (cf. 4.5.1).
Hence, the metallic temperature behavior of the total conductance below 900 K
can be attributed to the interface contribution according to eq. (4.5).
As a very good approximation, the total conductance G can be represented by
the sum of a metallic interface contribution, Gif ∝ T−α (dashed line in fig. 4.12
for α = 1), and the substrate contribution, GSTO ∝ exp
(−EredA /kBT) (dashed-
dotted line), where the corresponding activation energy EredA = ∆H
red/2 =
2.74 eV was extracted from the STO single crystal measurement (see section
4.5.1). The solid line in fig. 4.12 corresponds to the resulting fit according to the
equation
G = GSTO +Gif = A · exp
(
EredA /kBT
)
+B · T−α,
where A and B are constants.
Consequently, one can conclude that the LAO/STO interface maintains its metal-
lic conductance behavior - which has been observed so far only in the low tem-
perature regime - under high temperature equilibrium.
For an easier comparison with the data which will be discussed in the fol-
lowing chapters, fig. 4.13 summarizes the HTEC characteristics for the standard
LAO/STO heterostructure and the STO single crystal for various temperatures
between 850 K and 1100 K. As the power law temperature dependence of Gif is
much weaker than the exponential temperature dependence of GSTO, the plateau-
like oxygen-partial-pressure-independent interface conductance contribution ap-
pears as almost temperature-independent on double logarithmic scales. In the
following, such a temperature- and pO2-independent conductance contribution
in the [log(Conductance)-log(pO2)] plot will be used to identify a metallic-like
conduction path formed at the interface between LAO and STO, whereas the
strongly pO2-dependent conductance contribution observed for reducing condi-
tions (-1/4-behavior) and oxidizing conditions (+1/4-behavior) is attributed to a
bare substrate bulk effect.
As one can see from fig. 4.13, the description ofGif as a constant, pO2-independent
conductance contribution is valid over a wide pO2 range. For oxygen pressures
above 10−8 bar, however, the HTEC characteristics of the LAO/STO heterostruc-
ture shows an additional kink towards lower conductance values for the lowest
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Figure 4.13: Summary of the HTEC characteristics of STO single crystal (a) and LAO/STO heterostruc-
ture (b) for various equilibration temperatures.
investigated equilibration temperatures, which cannot be explained by the be-
havior of the STO substrate. This issue will be addressed in section 5.4 which
will focus on the behavior of the interface conductance in oxidizing atmosphere.
Generally, a similar characteristic plateau-like behavior was found for various
conducting LAO/STO heterostructures. In particular, identical HTEC character-
istics were found for LAO/STO heterostructures grown at different oxygen partial
pressure (pdep = 1×10−3 mbar) as well as for reduced LAO/STO heterostructures
exhibiting bulk conduction after the growth due to PLD-induced oxygen vacancies
in the STO substrate. Also the single monolayer LAO embedded in STO yields a
similar pO2-independent conductance contribution as observed for the LAO/STO
heterostructure. Thus, the influence of the growth parameters on the electrical
properties of as-grown samples which was reported in Refs. [16, 28] vanishes in
high temperature equilibrium. Moreover, it is observed that the HTEC contri-
bution of the interface disappears for a LAO layer thickness below the critical
thickness of four unit cells for which an insulating behavior is observed at room
temperature. (A more detailed discussion and the corresponding experimental
data can be found in appendix B.)
Discussion
In summary, a clear impact of the conducting LAO/STO interface on the HTEC
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characteristics of the standard LAO/STO heterostructure was found. Hence, a
thermally stable interface conduction contribution due to the LAO/STO interface
was revealed in the HTEC experiments.
As shown by the HTEC measurements on STO and LAO single crystals, the
oxygen sublattice of the STO substrate (and the LAO thin film) are equilibrating
with the surrounding atmosphere in the investigated temperature range. Hence,
any non-equilibrium concentration of growth-induced oxygen vacancies within the
STO substrate bulk will strive for thermodynamic equilibrium, so that a possible
conductance contribution of residual oxygen vacancies in the STO substrate is
removed in the HTEC experiment. Considering the case, that the observed inter-
face conductivity was merely caused by a simple reduction of the STO substrate
bulk [16, 135], the HTEC characteristics of LAO/STO heterostructure and STO
substrate should be identical. Since this is not the case, the observed HTEC be-
havior of the LAO/STO heterostructure excludes, that the interface conductivity
originates from mobile oxygen vacancies within the STO substrate. In contrast,
the presented HTEC data provide evidence that a thermally stable reconstruction
takes place at the LAO/STO interface. This will be described in terms of the
defect chemistry model of STO in the following paragraph.
The defect chemistry model of STO principally allows two scenarios for an
oxygen partial pressure independent conductance behavior which differ funda-
mentally. Firstly, the ionic conductance contribution in acceptor-doped STO is
oxygen partial pressure independent in the extrinsic regime (cf. chapter 4.5.1).
However, ionic conductivity shows an exponential temperature dependence due
to the thermal activation of oxygen vacancy diffusion. Hence, ionic conductiv-
ity along the LAO/STO interface can be excluded as the interface conductance
contribution exhibits a metallic temperature dependence. Secondly, an oxygen
partial pressure independent region is predicted for HTEC characteristic of donor-
doped STO. In the so-called plateau region, the extrinsic donors [D•] are elec-
tronically compensated corresponding to the charge neutrality condition
n ' [D•] .
In this plateau region, the concentration of oxygen vacancies is much smaller
than [D•]. Therefore, n is primarily unaffected by oxidation or reduction reac-
tions resulting in the pO2-independent behavior. (Oxidation and reduction may
still take place; however, they do not have any influence on the macroscopic
electronic properties). Assuming that the donors are fully ionized in the inves-
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tigated temperature range, the electron density n = [D•] is independent from
temperature too. Due to the power law temperature dependence of the electron
mobility µn ∝ T−α [5, 95], the conductance of donor-doped STO exhibits a metal-
lic temperature behavior in the plateau region similar to the behavior which was
observed for the conductance contribution of the LAO/STO interface. Following
the defect chemistry model of STO, the HTEC characteristics of the LAO/STO
heterostructure thus indicate the presence of donor states, D•, at the conductive
LAO/STO interface, which is an intriguing result of this study.
Assuming that the actual electron transport takes place in the STO matrix
close to the LAO/STO interface, the interfacial sheet electron density nS - and,
thereby, the sheet concentration of the interfacial donors, [D•]S - can be esti-
mated from the HTEC contribution, Gif , utilizing the high temperature electron
mobility
µn = 3.95 · 104 · T [ K]−1.62 cm2/Vs
which was determined for STO in Ref. [5]. It follows
nS = [D
•]S = Gif/ eµn
and one gets
nS ≈ 1× 1014 cm−2
for Gif ≈ 1× 10−5 S at 950 K. This value is in remarkably good agreement with
the sheet carrier density obtained from Hall measurements at room temperature
and below (see section 4.4).
According to chapter 2.4, the requirements for the observation of a donor
plateau is the presence of a constant positive charge [D•] which is compen-
sated by electrons. For STO bulk samples, this is usually provided by A-site
donor doping, e.g. lanthanum or niobium doping. Lanthanum doping due to
cation intermixing has been proposed also as a possible conduction mechanism
for the LAO/STO interface [15, 18–23, 92]. Therefore, one may assume a simi-
lar conduction mechanism for the LAO/STO interface and La-doped bulk STO
[5] due to the coincident plateau-like feature in the HTEC characteristics. This
leads to the following estimation. The required volume concentration of ion-
ized La-donors, [La•Sr] = [La
•]S /tif , to provide an appropriate electron density
at the LAO/STO interface depends on the actual thickness tif of the conduct-
ing (assumably doped) sheet. Assuming cation intermixing within 2-3 STO
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unit cells as revealed in section 4.3, a mean lanthanum doping concentration
of [La•Sr] ≈ 1× 1021 cm−3 ≡ 6 at% is required.
However, a positive charge could be provided also by immobile oxygen vacancies
trapped at the LAO/STO interface. In this scenario, 1 at% of doubly ionized oxy-
gen vacancies within the first nanometer of the STO matrix would be sufficient to
provide the observed sheet carrier density. Moreover, electronic reconstructions
or corresponding space charges could be condidered.
The scenarios of La-doping and oxygen deficiency are both consistent with the
results of the atomic scale analyses of the chemical composition of the LAO/STO
interface (HR(S)TEM and EELS) discussed in sec. 4.3.
4.6 Conclusions
High quality LAO/STO heterostructures were obtained by the pulsed laser de-
position of LAO on TiO2-terminated STO substrates. The resulting heterostruc-
tures show a metallic conductivity for layer thicknesses above four unit cells in
accordance with literature [1, 14, 28, 32, 37, 83].
As revealed by atomic scale HRSTEM and associated spectroscopy methods, the
LAO/STO interface shows a rather complex atomic structure and chemical com-
position involving cation intermixing on A-sites and B-sites and an additional
oxygen deficiency in the range of tens of percents. Moreover, atomic displace-
ments were observed which may induce an electrical polarization in the vicinity
of the LAO/STO interface.
The HTEC measurements on LAO/STO heterostructures have shown that a ther-
mally stable conduction path is generated at the conducting interface between
LAO and STO. In high temperature equilibrium, the interface conductance con-
tribution, Gif , exhibits a metallic temperature behavior as shown for an equili-
bration pressure of pO2 = 10
−18 bar. Moreover, Gif is found to have a very weak
dependence on the ambient oxygen partial pressure far away from the typical pO2
dependencies of the STO substrate. Compared with the strong temperature and
pO2 dependence of GSTO, the (metallic) interface contribution appears as an al-
most temperature and pO2 independent plateau region in the double logarithmic
[log(Conductance)-log(pO2)] plots. This characteristic behavior has been shown
to be a fingerprint of the conducting interface.
The observation of a thermally stable interface conductance contribution in ther-
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Figure 4.14: Sktech of the HTEC characteristics
of the LAO/STO heterostructure. The characteristic
reveals the interface behavior for intermediate pO2-
values, while Gif is concealed by the V -shaped sub-
strate contribution in oxidizing and reducing atmo-
sphere.
modynamic equilibrium excludes that the interface conductivity of LAO/STO
heterostructures is caused by a simple reduction of the STO substrate. In con-
trast, any contribution of residual oxygen vacancies which were induced during the
sample growth are removed in the HTEC measurements, so that the LAO/STO
interface conductance is revealed independent of any residual influence of oxygen
vacancies in the STO bulk. The observed HTEC behavior of the LAO/STO in-
terface resembles the HTEC behavior of donor-doped STO in the plateau region.
Therefore, the plateau-like region in the HTEC characteristics of the LAO/STO
heterostructures indicates the presence of donor-type states at the LAO/STO
interface. These interface donor states might be provided by cation-intermixing,
trapping of oxygen vacancies, or electronic reconstructions.
Due to the large STO substrate contribution in reducing as well as oxidizing
atmosphere, the interface conductance behavior itself is concealed over a wide
parameter range in the HTEC measurements (see fig. 4.14). As a consequence,
the conclusions which were drawn so far are, in the first instance, valid for the
temperature and oxygen partial pressure range where the interface contribution
could be extracted, i.e. for the intermediate pO2 range and the low pressure
range at the lowest investigated temperatures. As far as the behavior in reducing
atmosphere at higher equilibration temperature and the behavior in oxidizing at-
mosphere is concerned, no statements can be made so far (see question marks in
fig. 4.14).
In order to draw a complete defect chemical picture of the LAO/STO interface,
it is hence essential to expand the parameter window in which the interface con-
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ductance contribution is resolvable in the HTEC experiment. This issue will be
addressed in the following chapter in which the STO substrate-based LAO/STO
interface is transferred into an STO thin film-based LAO/STO heterostructure
grown on (LaAlO3)0.3(Sr2AlTaO6)0.7 substrates.
Chapter 5
Electrical and structural proper-
ties of LAO/STO/LSAT heterostruc-
tures
In this chapter, LAO/STO/LSAT heterostructures will be investigated intensively
in terms of structural and electrical analyses. At first, the selection of LSAT as
substrate material is motivated in section 5.1. The growth of heteroepitaxial
STO thin films on LSAT and the associated defect engineering of the thin film
stoichiometry will be characterized in section 5.2. Afterwards, the fabrication
of LAO/STO heterointerfaces on STO-buffered LSAT substrates is described in
section 5.3. The electrical properties of the interface of the LAO/STO bilayer at
low temperatures (sec. 5.3.1) and in high temperature equilibrium (sec. 5.4) are
finally addressed at the end of this chapter.
5.1 Alternative substrate materials - LSAT vs.
NGO
In this section, different substrate materials which can be used for the growth of
both STO and LAO will be discussed. The overall aim of this procedure is to ob-
tain a conducting interface between LAO and a STO thin film on an electrically
insulating template. As will be shown later in this chapter, this approach enables
to expand the parameter window, in which the LAO/STO interface can be stud-
ied in high temperature equilibrium (cf. sec. 4.5). After having addressed the
interface reconstruction between a LAO thin film and a STO single crystalline
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substrate in chapter 4, it is thus tried to replace the STO single crystal by a
STO thin film as sketched in fig. 5.1. Expectedly, the STO thickness could be
reduced into the nanometer range which is about 5 orders of magnitude thinner
than typical single crystalline substrates. Thus, also the STO contribution to the
total high temperature conductance of the heterostructure might be reduced by
orders of magnitude. However, one has to expect an additional conductance con-
tribution of the alternative substrate, Gsub = σsub · tsub. Therefore, it is required
that the new substrate material exhibits a high temperature conductivity which
is orders lower than the conductivity of bulk STO (σsub
!
<< σSTO) in order to
improve the HTEC measurement. At the same time, the LAO/STO interface
necessitates a high quality of epitaxy, as crystal order and disorder seem to be
crucial for the observation of a conducting interface.
A number of perovskite materials can be used as substrates for the high quality
epitaxial growth of STO (see e.g. Refs. [136, 137]), whereas tensile or compressive
strain is induced into the STO thin films due to the lattice mismatch between STO
and the particular substrate material. The particular strain might alter the mate-
rial properties of the STO thin film [138] and, moreover, the electrical properties
of the LAO/STO interface. Indeed, it has been shown in Ref. [139] that con-
ducting LAO/STO interfaces are only achieved for compressively strained STO,
while tensile strain in STO results in insulating LAO/STO interfaces due to a
strain-induced polarization in the STO layer. Specifically, conducting LAO/STO
interfaces have been found for LAO/STO thin films grown on
NGO and LSAT,
which confines the potential list of substrate materials to two candidates. Both
materials induce a compressive strain of about 1% in STO as they exhibit very
similar (pseudo-)cubic lattice constants cNGO = 3.86 A˚ and cLSAT = 3.87 A˚, re-
spectively.
Figure 5.1: Sketch of the standard LAO/STO heterostructure and the desired LAO/STO bilayer structure
on an alternative substrate material.
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5.1.1 HTEC characteristics of LSAT and NGO single crys-
tals
In order to test if either of the two candidate materials NGO and LSAT is promis-
ing to reduce the substrate contribution in a subsequent HTEC experiment, a
bare single crystalline NGO substrate and a bare single crystalline LSAT sub-
strate were characterized in high temperature equilibrium.
NGO single crystal
Being an oxygen ion conductor [140–142], the NGO single crystal exhibits a
temperature activated, oxygen partial pressure independent ionic conductivity
in the range of σNGO = GNGO/t ≈ 10−4 S/cm − 10−3 S/cm for temperatures
between 850 K and 1100 K. As one can see in fig. 5.2, the ionic conductivity of
NGO (right) exceeds the conductivity of STO (center) for intermediate oxygen
partial pressures so that the expected substrate contribution of NGO is even
larger than for STO. Thus, NGO is not an appropriate candidate material to
improve the HTEC measurements on LAO/STO interfaces.
LSAT single crystal
As shown in fig. 5.2, the conductivity of the LSAT single crystal (left) is orders
of magnitude smaller than the conductivity of STO (center) for all investigated
temperatures and oxygen partial pressures. Especially for reducing atmosphere,
LSAT exhibits conductivity values which are in the extreme (pO2 = 10
−23 bar,
Figure 5.2: High temperature conductivity of LSAT (left), STO (center) and NGO (right) single crystals
for various temperatures. 1100 K (3), 1050 K (a), 950 K (` ), 850 K (e).
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T = 1100 K) 4-5 orders of magnitude smaller than the values for the STO single
crystal. Similar to LAO (cf. sec. 4.5.2), LSAT exhibits a thermally activated,
oxygen partial pressure independent ionic conductivity in reducing atmosphere,
while an increasing conductivity is observed for oxidizing conditions. In analogy
to STO and LAO, the characteristic slope of (+1/4) indicates p-type conductiv-
ity for oxidizing atmosphere. In the p-type regime, the difference between σLSAT
and σSTO (about 1-2 orders of magnitude) is smaller than for reducing conditions,
but still significant. For this reason, the use of LSAT substrates is expected to
essentially improve the parameter window in which the LAO/STO interface con-
ductance characteristics can be studied in high temperature equilibrium.
Thus, the significantly lower high temperature conductivity is the major ad-
vantage of LSAT over NGO. As a consequence, LSAT is selected as substrate
material.
5.1.2 Substrate treatment
LSAT substrates in (100) orientation were supplied by Crystec GmbH, Berlin,
Germany. The as-received substrates exhibit a polished surface which shows a
frayed disordered step terrace structure (see fig. 5.3).
A smoother surface with more regular step terrace structure usually can be
achieved by a thermal treatment such as described for STO substrates in section
4.1. For LSAT, several annealing procedures have been proposed in literature.
Ohnishi et al. [143] used a thermal treatment at 1300 ◦C for two hours in air and
obtained a smooth B-site terminated LSAT surface. On the other hand, anneal-
ing at 1050 ◦C for 10 hours under continuous oxygen flow gave the best results
according to Ref. [144]. Finally, a 2 minutes annealing step in a rapid thermal
annealing furnace at 1100 ◦C in oxygen was used in Ref. [145].
Each of the proposed recipes was tested in the present study. For annealing tem-
peratures above 950 ◦C in air or pure oxygen, however, the formation of droplets
on the surface of LSAT was observed. Examples for the resulting surface mor-
phology are shown in fig. 5.3. Clean surfaces were partially obtained at the lowest
tested annealing temperature of 950 ◦C. However, due to a large sample-to-sample
variation, similar annealing conditions resulted in different surface morphologies
including droplet formation as displayed in fig. 5.3. Moreover, the terrace forma-
tion was unsatisfying after four hours at 950◦C, so that longer annealing times
and/or higher annealing temperatures would be needed to obtain a convenient
surface morphology. This, however, worsens the droplet formation and leads to
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a low yield of suitable substrates.
According to Ref. [146], the particle formation on the surface of LSAT can be
ascribed to the segregation of SrO onto the LSAT surface accompanied by a loss
of La and an altered surface termination. An identical effect of strontium seg-
regation is known from STO single crystals for prolonged annealing cycles in air
[109]. In particular, Sr tends to travel towards the STO surface in oxygen rich
atmospheres, while it moves into the crystal bulk under reducing atmosphere
[110, 147].
Based on this knowledge, the LSAT substrates were annealed in reducing atmo-
sphere, namely in 4%H2/Ar gas mixture. As displayed in fig. 5.3, no particle
formation was found for any annealing procedure in reducing atmosphere. Even
temperatures as high as 1050 ◦C and exposure times of 60 hours did not result
in the formation of droplets. Instead, the LSAT surface formed an atomically
Figure 5.3: AFM scans (5 × 5µm2) of the surface morphology of LSAT substrates annealed in various
atmospheres. Droplets are formed during annealing in air (top), while smooth surfaces are achieved during
annealing in reducing atmospheres (middle). For comparison, the surface morphologies of annealed NGO
and TiO2-terminated STO are also displayed (bottom).
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smooth surface with reasonabe step terrace structure. The long annealing times
(10 h − 60 h), which were chosen, imply a low mobility of the surface atoms for
LSAT in comparison with other perovskite materials. For this reason, the long
exposure time of 60 hours at a temperature of 1050 ◦C is needed in order to assure
a sufficient surface morphology for the growth of STO thin films.
Within this work, the annealing parameters listed in table 5.1 will be used for
the standard annealing procedure for LSAT substrates. As shown for comparison
in fig. 5.3, the surfaces of TiO2-terminated STO (cf. sec. 4.1) or annealed NGO
show a more regular step terrace structure. Therefore, the surface represents the
main drawback of the choice of LSAT as substrate material.
In contrast to STO, LSAT single crystals do not show any n-type conductiv-
ity in their HTEC characteristics as shown in fig. 5.2. Thus, it is not expected,
that annealing in oxygen-poor atmosphere results in significantly altered elec-
tronic properties of the LSAT substrates. Indeed, the LSAT substrates remained
insulating after the annealing step in 4%H2/Ar gas mixture as tested in a refer-
ence measurement. Only the color of the single crystals changes from brownish
(oxidized and as-received) to light brownish (annealed in reducing atmosphere).
Therefore, the annealing procedure is not expected to have any influence on the
electronic properties of the subsequently deposited thin films and heterostruc-
tures.
temperature 1050 ◦C
duration 60 h
atmosphere 4%H2/Ar
gas flow 75 ml/min
Table 5.1: Standard preannealing parameters for LSAT substrates used in this study.
5.2 Structural properties of heteroepitaxial STO
thin films
This section deals with the determination of an optimized growth process for
heteroepitaxial STO thin films on LSAT substrates with the aim to mimic -
as far as possible - the structural and chemical bulk properties of STO in a thin
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film. This is an essential prerequisite in order to subsequently obtain a conducting
LAO/STO interface between LAO thin film and STO thin film. For the pulsed
laser deposition of the STO thin films ceramic and single crystalline STO targets
were used.
Growth-induced stoichiometry variation in STO thin films
The cation stoichiometry, namely the Sr/Ti ratio, can vary significantly for STO
thin films deposited with different ablation energy [99, 148], at different oxygen
partial pressures [115, 149], or different target-to-substrate distances [100]. More-
over, the oxygen content of the STO thin films depends on the growth pressure
[101] and presumably also on the actual cation stoichiometry [115]. The cation
stoichiometry in STO thin films is thought to be determined by the balance be-
tween preferential ablation and preferential scattering effects within the plasma
phase. The ablation process predominantly depends on the incident laser energy
density, while the atmosphere-plasma interaction is influenced by a combination
of various process parameters; in particular, laser energy, deposition pressure,
and target-to-substrate distance [115]. Generally, STO thin films are found to be
Sr-rich for low laser fluences, while they tend to be Ti-rich for high laser fluences
[99–101, 115, 148, 150, 151].
As a result of a possible non-stoichiometric growth, STO thin films incorporate
defects. Both types of cation vacancies, strontium vacancies and titanium va-
cancies, cause an expansion of the STO unit cell volume [152]. For epitaxial
STO thin films, this primarily results in an expansion of the mean out-of-plane
lattice constant. Therefore, the c-lattice constant of the deposited STO films or
the actual elongation with respect to a reference value, ∆c = (c − c0), represent
a measure of the (non-)stoichiometry of the STO film. For the stoichiometric
growth, a minimum ∆c is expected [153].
In order to separate the lattice expansion caused by the non-stoichiometry of
STO from general strain effects, it is recommendable to study the homoepitaxial
growth of STO on STO first (section 5.2.1), before dealing with the heteroepi-
taxial growth of STO on LSAT (section 5.2.2).
5.2.1 Homoepitaxial growth of STO thin films
The homoepitaxial thin films were grown on unterminated (100) STO substrates
(cf. sec. 4.1). Based on the results of Ref. [115], a substrate temperature
of Tdep = 1070 K was chosen in order to assure a good surface mobility of the
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Figure 5.4: XRD measurements on homoepitaxial STO thin films. (a) Intensity profiles in the surrounding
of the (200) STO substrate peak. (b) Resulting c-lattice constants of the films obtained from intensity
profile matching.
adatoms during the growth. Moreover, an ablation frequency of 5 Hz was applied
and the target-to-substrate distance was kept at d = 58 mm. The oxygen pressure
was set to pdep = 0.1 mbar. The remaining PLD parameter, i.e. the laser fluence,
is subject to the optimization process.
In order to provide a sufficient film thickness for X-ray diffraction measurements,
160 nm thick homoepitaxial STO thin films were grown at various ablation flu-
ences between 1.1 J/cm2 and 2.78 J/cm2. After the deposition, the films were
cooled down to room temperature in deposition atmosphere with a constant cool-
ing rate of 10 K/min.
The results of the XRD measurements in the vicinity of the (200) STO substrate
peak are shown in fig. 5.4(a). As one can see for the fluences of 1.1 J/cm2,
1.67 J/cm2 and 2.78 J/cm2, a shoulder appears in the intensity profile of the STO
substrate (dashed line) originating from the homoepitaxial STO film. The shift
of the film peak towards lower angles in relation to the STO substrate peak
indicates an elongated c-lattice parameter. This accounts for the presence of
cation-vacancies and thus for a non-stoichiometry of the STO thin film as de-
scribed above. For the films grown with laser fluences between 1.84 J/cm2 and
2.33 J/cm2, no obvious shoulder-like feature can be resolved by eye due to the
small difference between the c-lattice constants of the STO substrate and the
STO film. The particular c-lattice constants of the films can be obtained by a
proper intensity profile matching (cf. Ref. [115]).
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Fig. 5.4(b) shows the absolute value of the c-lattice parameter of the deposited
films as well as the corresponding lattice expansion ∆c = (c − cSTO,bulk) with
respect to the STO bulk value as a function of ablation energy. Starting at the
lowest ablation energy of 1.1 J/cm2, ∆c decreases and reaches a zero-lattice ex-
pansion for the laser fluence of 1.95 J/cm2, indicating a stoichiometric growth.
For higher laser energies, the c-lattice expansion is increasing again to non-zero
values, indicating an increasing non-stoichiometry. Hence, the stoichiometry of
the STO thin films can be tuned from Sr-rich (F < 1.95 J/cm2) over stoichiomet-
ric (F = 1.95 J/cm2) to Ti-rich (F > 1.95 J/cm2) by the variation of the incident
laser fluence.
In addition to the final stoichiometry of the deposited film, the growth pro-
cess itself is altered by the variation of the ablation energy. Fig. 5.5 shows the
RHEED intensity signals recorded during the initial growth of the homoepitaxial
films and snapshots of the corresponding RHEED pattern in the final stage of the
growth for various ablation energies (left side). Moreover, the resulting surface
morphologies obtained from AFM are displayed on the right side of fig. 5.5.
For all chosen laser energies, i.e. for the Sr-rich as well as for the Ti-rich growth,
the STO thin film initially grows in a layer-by-layer growth mode as indicated by
the RHEED intensity oscillations. However, the number of observed RHEED in-
tensity oscillations is limited for the Sr-rich STO films grown with F = 1.1 J/cm2
and F = 1.67 J/cm2. For both samples, the RHEED intensity drops suddenly
after the growth of about 15 unit cells and 30 unit cells, respectively. The sudden
drop of the RHEED intensity indicates an immediate change of the growth mode
from layer-by-layer growth to 3-dimensional (3D) growth. Correspondingly, addi-
tional diffraction spots arise in the RHEED pattern, which indicates an increased
surface roughness and, in particular, a 3-dimensional surface morphology (see e.g.
Ref. [118]).
For the stoichiometric growth at F = 1.95 J/cm2, clear RHEED intensity oscil-
lations are observed during the entire growth process as displayed for the first
2000 s in fig. 5.5 and in the enlarged illustration in fig. 5.6. In contrast to the
samples grown at lower ablation energy, the RHEED intensity shows no intensity
drop, and the RHEED pattern stays perfectly 2-dimensional (2D). The slightly
Ti-rich sample grown at F = 2.33 J/cm2 shows a similar behavior. Oscillations
are observed within the first 1200 s of the growth, and the RHEED pattern stays
2D in the final stage of the growth.
A further increase of the non-stoichiometry towards Ti-rich STO (F = 2.78 J/cm2)
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Figure 5.5: Growth of homoepitaxial thin films at various laser fluences. (Left) RHEED intensity signal
during growth and the corresponding diffraction pattern in the final growth stage (inset). (Right) The
resulting surface morphology.
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results in a similar observation as for the Sr-rich growth at low ablation energies.
After the growth of several unit cells in layer-by-layer growth mode, the intensity
signal decreases immediately, and the growth mode changes to 3D. Again, the 3D
character of the growing film surface is directly evident from the RHEED pattern
which shows additional diffraction spots.
The surface morphology of the homoepitaxial STO films, displayed on the right-
hand-side of fig. 5.5, coincides well with the in-situ RHEED monitoring. The
three samples which exhibit a 3D growth at the end of the deposition process
show very rough surfaces with RMS values of about 3.5 nm. For the samples
grown at low energies, the surface is covered with rectangular, pyramidal fea-
tures which might be identified with Sr-rich phases (cf. Refs. [109, 150]). On the
other hand, the surface of the Ti-rich, high energy sample is covered with drop-
like features (RMS= 2.0 nm). Close to the stoichiometric growth the clear terrace
structure of the STO substrate is maintained in accordance with the observation
of a 2D growth mode which, primarily, conserves the surface morphology during
the growth. These samples exhibit RMS values below 0.2 nm.
Due to both the drastic change of the growth mode for strongly non-stoichiometric
STO films and the significantly altered surface morphologies, one might argue
that not only cationic point defects, but also extended defects such as clusters or
secondary phases might be incorporated during the growth of non-stoichiometric
STO, as was reported for Sr-rich as well as Ti-rich STO films in Refs. [150, 151].
Figure 5.6: Evolution of the RHEED intensity during stoichiometric growth of STO at F = 1.95 J/cm2.
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In summary, optimized PLD parameters (see tab. 5.2) for the growth of stoi-
chiometric STO have been determined by the variation of the laser ablation flu-
ence. According to X-ray diffraction, an optimum cation stoichiometry is achieved
for a fluence of F = 1.95 J/cm2 as indicated by the vanishing c-lattice expansion
of the deposited STO film. At the same time, the most stable 2D growth mode
is achieved for the stoichiometric growth. As a result, the atomically smooth
surface of the sample in well conserved.
deposition temperature Tdep = 1070 K
deposition pressure pdep = 0.1 mbar
ablation frequency f = 5 Hz
laser fluence F = 1.95 J/cm2
target-to-substrate distance d = 58 mm
Table 5.2: Deposition parameters for the growth of stoichiometric STO thin films.
5.2.2 Heteroepitaxial growth of STO thin films on LSAT
As discussed in the previous section, the nominal stoichiometry and non-stoichio-
metry of STO thin films are determined by the material ablation and subsequent
scattering processes within the plasma. As these effects are principally indepen-
dent of the involved substrate material, the optimized growth parameters which
were deduced for the homoepitaxial growth of STO can be adopted for the het-
eroepitaxial growth on LSAT - provided that the sticking coefficients for LSAT
and STO are comparable. Moreover, it can be assumed that the stoichiometry of
heteroepitaxial STO thin films can be tuned in similar ways as the stoichiometry
of homoepitaxial thin films, i.e. by varying the ablation energy.
As the LSAT substrate is expected to induce about 1% compressive strain into
the STO film due to the lattice mismatch of the two materials, the structural
properties of the STO films are expected to be altered as compared with the
homoepitaxial case.
Fig. 5.7 shows RHEED data and the resulting surface morphology for an
50 nm thick nominally stoichiometric STO thin film on LSAT. As indicated by the
RHEED intensity oscillations, a prefect layer-by-layer growth mode was achieved.
In total, 125 oscillations were observed in this particular case. Moreover, the
RHEED pattern stayed perfectly 2D during the entire growth procedure. As a
result, the terrace structure of surface of the LSAT substrate was preserved dur-
5.2 STO thin films 77
Figure 5.7: RHEED intensity signal during the deposition of 50 nm nominally stoichiometric STO on
LSAT. Inset: Diffraction pattern in the final growth stage and the resulting surface morphology.
ing the growth, as one can see from the AFM image displayed in fig. 5.7.
X-ray diffraction measurements around the (200) LSAT substrate peak are pre-
sented in fig. 5.8(a) for the STO film thicknesses of 10 nm, 19 nm, and 50 nm.
With increasing film thickness, a STO film peak arises at an angle of 2Θ = 46.275◦
which corresponds to an out-of-plane lattice constant of cSTO,film = 3.924 A˚.
The in-plane lattice parameter of the STO layer is obtained by reciprocal space
mapping (fig. 5.8(b)). As it turns out, the STO layer is strained and exhibits
the same in-plane lattice constant of aSTO,film = 3.87 A˚ as the LSAT substrate
Figure 5.8: (a) XRD spectra of stoichiometric STO thin films on LSAT for different layer thicknesses.
(b) Reciprocal space mapping for a 50 nm thick STO layer on LSAT.
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(indicated by the white dashed line in fig. 5.8(b)). Due to the compressive in-
plane strain, a,b < 0, the STO unit cell is tetragonally distorted in out-of-plane
direction which leads to an expanded c-lattice constant compared to the bulk
value. The measured out-of-plane lattice constant, cSTO,film = 3.924 A˚, yields a
Poisson´s ratio of νSTO = 0.22 (cf. appendix C) which is slightly lower than the
literature value (νSTO = 0.24 [6, 154]).
In order to investigate the influence of a cation non-stoichiometry on the
structural properties of heteroepitaxial STO thin films, 50 nm thick STO films
were grown on LSAT with various laser fluences (in analogy to the homoepi-
taxial case described in sec. 5.2.1). The heteroepitaxial STO layers initially
grow in a layer-by-layer growth mode for all fluences between F = 1.1 J/cm2 and
2.78 J/cm2 as evidenced by RHEED intensity oscillations. However, the growth
mode changes into a 3D growth after a limited number of unit cells for a strong
non-stoichiometry, as was observed also for the homoepitaxial case.
As shown in fig. 5.9(a), the position of the STO film peak changes only slightly
under the variation of the laser ablation fluence. For all fluences, the position of
the film peak remains far away from the expected position for relaxed STO films
(indicated by the dashed line), so that all films are presumably fully strained
in-plane. Nevertheless, the in-plane relaxation might be facilitated for non-
stoichiometric films as reported in Ref. [155]. The c-lattice constants obtained
from Gaussian fits of the film peaks are displayed in fig. 5.9(b). For the nominal
stoichiometric STO film (F = 1.95 J/cm2), one finds the minimum out-of-plane
lattice constant, while the c-lattice constant increases slightly for Sr-rich (F <
Figure 5.9: X-ray measurements on 50 nm thick STO layers with different cation stoichiometry on LSAT.
(a) XRD-spectra in the vicinity of the (200) LSAT substrate peak. (b) Corresponding c-lattice constants
of the heteroepitaxial STO thin films. (c) Lattice expansion of the heteroepitaxial thin films (∆c =
cfilm(F )− cfilm(1.95 J/cm2)) in comparison with the homoepitaxial case (∆c = cfilm(F )− cSTO,bulk).
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1.95 J/cm2) and Ti-rich (F > 1.95 J/cm2) films. Following the considerations for
homoepitaxial STO films, this additional lattice expansion can be attributed to
the presence of cation vacancies in non-stoichiometric STO films. To evaluate
the cation-vacancy-induced lattice expansion quantitatively, fig. 5.9(c) displays
the elongation of the out-of-plane lattice constants with respect to the minimum
value obtained for stoichiometric growth, ∆c = cfilm(F ) − cfilm(1.95 J/cm2). In
comparison with the homoepitaxial case, the effect of non-stoichiometry on the
lattice expansion is much less pronounced. The tetragonally distorted strained
STO thin films thus exhibit a weaker lattice expansion due to the presence of
cation vacancies as compared with unstrained STO. Presumably, this can be at-
tributed to enlarged distances between the repelling oxygen ions in the tetragonal
lattice (cf. Ref. [152]). Moreover, partial in-plane relaxation processes might re-
duce the effect of non-stoichiometry on the measured c-lattice constant [155].
However, the dominant structural effect is the tetragonal distortion originating
from the elastic deformation of the cubic STO lattice due to the lattice mismatch
between LSAT and STO.
Summary The results show that strained STO thin films up to a thickness
of 50 nm can be grown on LSAT. The high quality of the epitaxy and the crys-
tallinity of the thin films is evident from RHEED monitoring and subsequent
structural analyses (XRD, AFM). In particular, an initial layer-by-layer growth
mode is achieved for all investigated PLD parameters, which allows the growth
of a precise number of unit cells. The stoichiometry of heteroepitaxial STO thin
films can be controlled by a variation of the incident laser fluence in analogy to
the homoepitaxial case (see sec. 5.2.1). The best thin film replication of STO
single crystal properties is expected for stoichiometric growth which was identi-
fied by the minimum lattice expansion of deposited STO films.
Having characterized the growth process for heteroepitaxial STO on LSAT, the
necessary prerequisites for the fabrication of LAO/STO heterointerfaces on the
electrically inert LSAT substrate are accomplished. Based on these results, the
structural and electrical properties of LAO/STO bilayers will be discussed in the
following section.
Finally, it has to be noted that all STO films characterized in this section did
not show any in-plane room temperature conductivity as tested by van der Pauw
reference measurements.
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5.3 Growth and electrical characterization of
LAO/STO bilayers on LSAT
In order to investigate the electrical properties of the LAO/STO interface in a
deposited LAO/STO bilayer on LSAT, 10 unit cells of STO were grown on LSAT
at the optimum deposition parameters for stoichiometric STO which were de-
duced in section 5.2. Subsequently, 10 unit cells of LAO were grown on top of
the STO-buffered LSAT substrate while the growth parameters were adjusted
according to the optimum fabrication process for LAO thin films (see chapter 4).
Fig. 5.10(a) shows the typical evolution of the RHEED intensity recorded dur-
ing the growth of STO, utilizing an incident laser fluence, F STO = 1.95 J/cm2 at
a deposition pressure, pSTOdep = 0.1 mbar, and a deposition temperature, T
STO
dep =
1070 K. In order to accurately control the thickness of the STO thin film, the
ablation frequency was reduced to f = 1 Hz, resulting in a slower, more control-
lable growth.
Clear RHEED intensity oscillations are observed in the layer-by-layer growth
mode, which allows to interrupt the STO deposition precisely after the growth
of 10 unit cells. In the initial growth stage, the oscillatory intensity signal is
superposed by a general increase of the total intensity. Such a behavior is often
observed for heteroepitaxial growth due the changing material properties from
substrate to film. In the particular case of the growth of STO on LSAT, the
Figure 5.10: RHEED intensity signal during the deposition of 10 unit cells STO (a) and the subsequent
growth of 10 unit cells LAO (b). (Inset) Diffraction pattern after the growth of the LAO/STO bilayer.
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RHEED intensity increase might also be related to an improved surface smooth-
ness of the film as compared with the substrate (cf. sec. 5.1.2).
After the growth of STO, the PLD chamber was pumped down to pLAOdep =
4 × 10−5 mbar (cf. chapter 4). Moreover, the laser energy was set to FLAO =
1.4 J/cm2 before starting the deposition of LAO. Deposition temperature and
target-to-substrate distance were kept constant. As shown in fig. 5.10(b), clear
RHEED intensity oscillations are also observed for the growth of LAO on STO-
buffered LSAT. Analogous to the growth of STO, the LAO deposition was stopped
after the growth of ten unit cells. As one can see in the inset of fig. 5.10(b), the
RHEED pattern shows distinct 2D diffraction spots after the deposition of both,
10 unit cells STO and 10 unit cells LAO. The slightly streaky pattern indicates
a finite surface roughness.
After the growth of both STO and LAO, the sample was cooled down to room
temperature at a cooling rate of 10 K/min in deposition atmosphere. A subse-
quent analysis of the sample surface is displayed in fig. 5.11(a). The terrace
structure of the substrate was maintained. The RMS value of the bilayer surface
(0.25 nm) increased only slightly compared with the substrate value (0.20 nm),
which confirms the atomically smooth 2D growth monitored by RHEED.
The crystallinity of the LAO/STO bilayer was probed by X-ray diffraction. Fig.
5.11(b) shows the results of (2Θ − Θ)-scan around the (200) LSAT substrate
peak. As discussed in section 5.2.2, the STO film is expected to be compres-
Figure 5.11: Structural analyses of the LAO/STO bilayer. (a) Surface morphology obtained from AFM.
(b) XRD spectrum around the (200) LSAT substrate peak. The dashed lines indicate the expected positions
of the STO and LAO layer peaks according to the elastic limit.
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sively strained and to adopt the in-plane lattice constant of the substrate. As a
consequence, also the overlying LAO thin film adopts the in-plane crystal lattice
parameters of the LSAT substrate. Due to the lattice mismatch between LAO
and LSAT, the LAO film hence is expected to exhibit tensile strain, LAO = 2.2%.
The expected positions for STO and LAO (νLAO = 0.24 [128]) thin film according
to the elastic limit are indicated by the dashed lines in fig. 5.11. As the expected
peak of the about 4 nm thick STO layer is located right in the middle of the
Brems spectrum of the LSAT substrate, it is not directly resolvable (cf. fig. 5.8).
However, the expected peak of the LAO film appears on the right-hand-side of
the substrate peak. Therefore, it can be resolved. In fact, an intensity maximum
is found close to the expected position.
As both layers exhibit comparable thicknesses of roughly 4 nm, the intensity pro-
file of the bilayer sample shows much more modulations due to the superposition
of various diffraction effects than comparable data on single layer samples. The
most pronounced thickness oscillations exhibit a periodicity of about 1.2◦ which
corresponds to an estimated thickness of 8 nm. Thus, they can be identified with
an intensity modulation due to the total thickness of the LAO/STO bilayer.
The appearance of finite thickness effects originating from both, STO layer as well
as LAO layer, indicate that the desired layer stack was achieved with high crys-
tallinity. Moreover, both films are strained in-plane and grow in layer-by-layer
growth mode so that an epitaxial growth and distinct atomic order is expected
for the interface between the two layers. The high quality of the optimized depo-
sition processes is further supported by the resulting atomically smooth surface
morphology.
5.3.1 Electrical properties of the LAO/STO bilayer inter-
face on LSAT
The electrical properties of the LAO/STO bilayer on LSAT were investigated in
a temperature dependent four point probe measurement in van der Pauw config-
uration. Electrical contacts were achieved by ultra-sonic wire bonding. Fig. 5.12
shows the temperature dependence of the sheet resistance of a LAO/STO/LSAT
heterostructure consisting of a 10 unit cell, nominally stoichiometric STO layer
capped by a 10 unit cell LAO layer. In the upper part of fig. 5.12, the LAO/STO
bilayer data are compared with the standard LAO/STO heterostructure. In the
lower part, the LAO/STO/LSAT data are displayed again on a rescaled y-axes
for a more detailed analysis.
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Figure 5.12: Temperature-dependent measurement
of the sheet resistance, RS , of the LAO/STO bilayer.
(Top) Comparison between LAO/STO/LSAT sample
and standard LAO/STO heterostructure. (Bottom)
LAO/STO/LSAT data on rescaled RS-axis. The
LAO/STO bilayer exhibits a metallic temperature
behavior below room temperature. Below ≈ 150 K, a
resistance upturn is observed.
For the stoichiometric growth of STO, the LAO/STO/LSAT heterostructures
typically exhibit a sheet resistance, RS, between 10 kΩ and 30 kΩ at room tem-
perature, which is comparable to the values found for the standard LAO/STO
heterostructure (cf. chapter 4). Between 300 K and 150 K, the sheet resistance
of the LAO/STO/LSAT heterostructure decreases with decreasing temperature,
which corresponds to a metallic temperature behavior. Below 150 K, however, a
resistance upturn is observed for the LAO/STO bilayer system which is absent
in the measurement of the standard LAO/STO heterostructure. The minimum
sheet resistance of the LAO/STO/LSAT sample is about 7 kΩ at 150 K. At lower
temperatures, the sheet resistance increases again until it saturates at a value of
8.4 kΩ at temperatures below 50 K. This limiting value is about two orders of
magnitude higher than the resistance of the standard LAO/STO system in the
similar temperature range.
As revealed by Hall measurements, the sheet carrier density is of the order of
nS(300 K) ≈ 2× 1014 cm−2
at room temperature which is by a factor of 2 higher than for the standard
LAO/STO sample. The electron mobility,
µn ≈ 2 cm2/Vs,
is decreased by a factor of 2-3 compared with the standard sample.
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In accordance with the results on the standard LAO/STO heterostructures,
the LAO capping on the STO thin films causes a drastic change from the insu-
lating behavior of the STO-buffered substrate to a metallic conductivity of the
LAO/STO/LSAT heterostructures. The decreased room temperature mobility
as well as the comparably high sheet resistance at low temperatures indicate an
increased amount of scatter centers, i.e. defects in the vicinity of the LAO/STO
interface restricting the mobility of the interfacial electrons at low temperatures.
Below 150 K, the mobility in the LAO/STO/LSAT sample seems to be predomi-
nantly determined by defect scattering processes as indicated by the limited sheet
resistance in this temperature range. However, the metallic temperature depen-
dence of RS above 150 K indicates that phonon scattering is the dominant scat-
tering effect. As the grown STO layer is the main differentiating factor between
standard sample and bilayer system, one can suspect the PLD-growth-induced
cationic defects in the deposited STO layer to limit the mobility (cf. sec. 5.2).
This is further supported by the fact that the mobility in LAO/STO bilayers
was increased for hybrid molecular beam epitaxy (H-MBE) grown STO layers as
reported in Refs. [144, 156].
A comparable resistance upturn as observed for the LAO/STO/LSAT sample
was found for standard LAO/STO heterostructures which were fabricated at high
oxygen partial pressures [28]. This effect has been attributed to Kondo-like scat-
tering processes on magnetic defects in the vicinity of the LAO/STO sample.
Taking this into account, the results indicate that the concentration of defects
(and presumably the particular concentration of magnetic defects) is much higher
for PLD-grown STO thin films than for STO single crystal substrates.
In summary, the LAO/STO bilayer on LSAT has been found to be conducting
in agreement with Refs. [56, 76, 139, 144]. However, the comparably lower
electron mobility at room temperature and the limited sheet resistance at low
temperatures indicate a more defective interface region for the bilayer system
than for the standard LAO/STO heterostructure.
As the STO thin film in the bilayer structure is as thin as 10 unit cells, the
observed electrical transport is confined to the nanometer scale [56, 144] and
can be regarded as 2-dimensional. Moreover, it is expected that the observed
conductance is free of any bulk conduction contributions, as the LSAT substrate
is electrically inert. Therefore, the observed conductance of the LAO/STO bilayer
can be ascribed to a similar interface reconstruction as observed for standard
LAO/STO heterostructures. This is further supported by the good comparability
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of the room temperature sheet resistance of the LAO/STO/LSAT system and the
standard LAO/STO system.
5.4 High temperature equilibrium conductance
characteristics of LAO/STO bilayers
After the characterization of the fabrication process and the resulting electrical
properties at low temperatures, the high temperature equilibrium conductance
of LAO/STO/LSAT heterostructures is discussed with the purpose to derive a
defect chemical description of the LAO/STO bilayer system. By analogy with
the standard LAO/STO system (cf. sec. 4.5), the high temperature conductance
of the LAO/STO/LSAT heterostructure is treated in an equivalent circuit model.
The total conductance, G, is given by the sum of the LSAT substrate contribution,
GLSAT , the STO thin film contribution, GSTO,film, and the interface contribution,
Gif ,
G = GLSAT +GSTO,film +Gif .
In order to extract the interface contribution Gif from the total conductance
of the LAO/STO/LSAT heterostructure, thorough reference measurements were
performed which determine the conductance contribution of the STO layer as
described in the following.
5.4.1 Reference measurements on STO-buffered LSAT sub-
strates
A 10 unit cell thick STO layer on LSAT was characterized1 and taken as a ref-
erence for the measurement on the conducting LAO/STO bilayer on LSAT. The
STO-buffered LSAT substrate did not show any in-plane conductivity after the
deposition and will therefore be denoted as insulating.
Fig. 5.13(a) recalls the high temperature conductance measured for the bare
LSAT single crystal in comparison with the STO single crystal for equilibration
temperatures between 950 K and 1100 K. The corresponding measurement on the
STO/LSAT sample is shown in fig. 5.13(b) in direct comparison with the bare
1The particular sample was provided by Peter Brinks, Faculty of Science & Technology,
University of Twente, Enschede, The Netherlands. The 10 unit cells were grown at a deposition
pressure of 0.1 mbar and a deposition temperature of 1120 K. The laser ablation energy was
optimized in a similar way as described in sec. 5.2.
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LSAT single crystal data.
As discussed in section 5.1.1, the conductivity of the LSAT substrate is much
lower than the conductivity of bulk STO. Therefore, it has to be taken into
account that a conductance contribution of the STO thin film might arise in
the HTEC characteristics of the STO-buffered LSAT substrate, even though the
thickness of the LSAT substrate is orders of magnitude larger than the thickness
of the STO layer. The total conductance of the STO-buffered substrate is given
by
GSTO/LSAT = GLSAT +GSTO,film = σLSAT · tLSAT + σSTO,film · tSTO,film. (5.1)
Considering the STO layer is 10 unit cells thick (tSTO,film ≈ 4 nm) and the
substrate is tLSAT = 500µm thick, an additional thin film contribution is expected
only for a STO thin film conductivity exceeding the LSAT conductivity by more
than five orders of magnitude. With reference to the bulk measurements, this
is the case only for extremely reducing atmosphere and high temperatures (cf.
fig. 5.13(a)). However, the conducted measurements revealed a much stronger
impact of the STO thin film on the HTEC characteristics of the STO-buffered
LSAT substrate as presented in fig. 5.13(b).
In reducing atmosphere, the conductance of the STO/LSAT sample is found to be
significantly higher than in the bare LSAT substrate. This additional conductance
Figure 5.13: HTEC reference measurements: (a) HTEC characteristics of the LSAT single crystal sub-
strate in comparison with the STO single crystal. (b) HTEC characteristics of the 10 unit cells thick STO
layer on LSAT in comparison with the bare LSAT substrate at various equilibration temperatures: 1100
K (c), 1050 K (a), 1000 K (e), 950 K (` ). (Partially publ. in Ref. [25].)
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upturn has to be attributed to an STO thin film contribution. (By contrast, the
increasing conductance in oxidizing atmosphere is caused by the increasing p-
type conductance of the LSAT substrate, and the STO thin film contribution is
concealed.) As described above, this large conductance contribution of the STO
thin film was not to be expected from the bulk reference measurements. As a
result, the conductivity of the STO thin film is found to be significantly increased
compared with the STO bulk phase in reducing atmosphere. The physical origin
of this feature will be discussed in more detail in chapter 7. In the meantime,
the measured conductance of the STO-buffered LSAT sample will be used as a
reference for the further investigation of conducting LAO/STO bilayer systems.
5.4.2 HTEC characteristics of the LAO/STO bilayer
The LAO/STO/LSAT heterostructure2 was investigated by means of high tem-
perature equilibrium conductance measurements. The resulting HTEC charac-
teristics of the LAO/STO bilayer on LSAT (G, filled symbols) and the STO thin
film on LSAT (GSTO/LSAT , open symbols) are illustrated in fig. 5.14 for temper-
atures between 950 K and 1100 K. As discussed above, the HTEC characteristics
of the STO/LSAT sample show an additional conductance upturn due to the
STO layer in strongly reducing atmosphere. Accordingly, the STO/LSAT data
rather than the LSAT single crystal data have to be taken as a reference for the
LAO/STO/LSAT sample. According to the equivalent circuit model, it follows
G = GSTO/LSAT +Gif .
For oxygen partial pressures above 10−4 bar, the total conductances of the
LAO/STO/LSAT system and reference sample are identical. The conductance
contribution of the LAO/STO interface thus is concealed by the conductance con-
tribution of the LSAT substrate. Below 10−4 bar, however, the LAO/STO/LSAT
heterostructure shows a significantly enhanced conductance as compared with the
STO/LSAT stack, which indicates a clear impact of the LAO/STO interface.
For reducing conditions, the LAO/STO bilayer exhibits a plateau-like conduc-
tance behavior with weak dependence on temperature and pO2, which resembles
2The sample was provided by P. Brinks, Faculty of Science & Technology, University of
Twente, Enschede, The Netherlands. After depositing 10 unit cells of stoichiometric STO, 10
unit cells of LAO were grown at a deposition pressure of 4×10−5 mbar, a deposition temperature
of 1120 K, and an optimized laser ablation energy. The sample showed electrical properties at
low temperatures similar to those discussed in sec. 5.3.1. More details can be found in Refs.
[25, 56, 144].
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Figure 5.14: HTEC characteristics of
the LAO/STO bilayer (filled symbols)
on LSAT in comparison with the bare
STO-buffered LSAT substrate (open sym-
bols) at various equilibration tempera-
tures: 1100 K (c), 1050 K (a), 1000 K
(e), 950 K (` ). (Publ. in Ref. [25].)
the behavior of the standard LAO/STO interface discussed in section 4.5. How-
ever, approaching oxidizing conditions (pO2 & 10−12 bar), a deviation from the
constant behavior is observed. In particular, the conductance of the LAO/STO
bilayer sample decreases with increasing oxygen partial pressure and shows a clear
thermal activation. As G still is significantly larger than the reference values, the
decreasing total conductance between 10−12 bar and 10−4 bar implies a decreasing
interface conductance contribution.
For the standard LAO/STO heterostructure, a temperature and oxygen par-
tial pressure independent region was identified as a fingerprint of the metallic
LAO/STO interface (see sec. 4.5). Therefore, the appearance of a similar feature
in the HTEC characteristics of the LAO/STO/LSAT heterostructure evidences
that a similar interface reconstruction is taking place at the LAO/STO bilayer
interface as was observed for the standard LAO/STO interface. The decreasing
interface conductance contribution under oxidizing conditions is a new interest-
ing feature which was not clearly revealed in the HTEC characteristics of the
standard LAO/STO heterostructures. The nature of this conductance decrease
will be discussed in more detail in the following section.
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Sheet electron density at the LAO/STO interface in high temperature
equilibrium
For the pO2 regions where the LAO/STO/LSAT heterostructure exhibits a signif-
icantly higher conductance than the corresponding reference sample, Gif can be
calculated as (G−GSTO/LSAT ) according to the applied equivalent circuit model.
The corresponding sheet carrier density
nS =
Gif
eµn
=
G−GSTO/LSAT
eµn
(5.2)
then can be determined by a proper estimation of the electron mobility µn. The
sheet carrier density for the standard LAO/STO sample can be obtained by an
analogous calculation
nS =
Gif
eµn
=
G−GSTO
eµn
in the limited temperature and oxygen partial pressure range in which the inter-
face conductance contribution was revealed (see sec. 4.5).
For the standard LAO/STO heterostructure, literature values for the high tem-
perature electron mobility in La-doped STO (µn = 3.95 ·104 ·T [K]1.62 cm2/Vs [5])
were already used to determine the sheet carrier density in the observed plateau-
region (see chapter 4).
The above estimation might also be reasonable with respect to the electron mo-
bility in the LAO/STO bilayer. However, it presumes that LAO/STO bilayer
and standard LAO/STO heterostructure exhibit equal electron mobilities in the
investigated temperature range - this presumption should be motivated first.
As the LAO/STO bilayer system is much more defective than the standard
LAO/STO system, the electron mobility of the two systems is expected to be dif-
ferent as long as defect scattering events are the predominant limiting factor for
the electron mobility. Referring to the low temperature transport measurements
on LAO/STO/LSAT (cf. sec. 5.3.1), the observed metallic temperature behavior
indicates a restriction of the electron mobility at the LAO/STO bilayer interface
by phonon scattering processes already above 150 K. For temperatures far above
150 K, µn therefore may be regarded as being independent of the particular defect
concentrations. Thus, the more defective interface is not a crucial factor for the
estimation of the electron mobility in the stoichiometric bilayer at high temper-
atures. As a consequence, the literature values from Ref. [5] can be applied also
to calculate an estimated interfacial sheet carrier density of LAO/STO bilayer.
However, a minimal amount of uncertainty remains, as the compressive strain in
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Figure 5.15: Sheet electron density,
nS = Gif/eµn, at the LAO/STO in-
terface in high temperature equilibrium
for the LAO/STO bilayer system and
the standard LAO/STO heterostructure
(1100 K (c), 1050 K (a), 1000 K (e),
950 K (` )). nS was obtained by sub-
tracting the respective substrate conduc-
tance contribution from the total con-
ductance of the corresponding LAO/STO
heterostructure. The high temperature
electron mobility was estimated from Ref.
[5]. (Inset) Temperature dependence of
nS in constant pO2 = 10
−5 bar for the
LAO/STO bilayer system. The solid line
corresponds to an Arrhenius fit with ac-
tivation energy of about 1 eV. (Publ. in
Ref. [25].)
the STO thin film might alter the phonon scattering processes at the interface.
The resulting sheet electron density characteristics for the LAO/STO bilayer on
LSAT as well as for the standard LAO/STO heterostucture are shown in fig. 5.15.
In the pO2-independent plateau region, nS approaches a value of 1×1014 cm−2 for
both samples, which is consistent with the carrier densities obtained from Hall
measurements. For oxidizing conditions, the LAO/STO/LSAT shows a steep
decrease of nS with a slope of approximately (-1/4) in the double logarithmic
plot. In this region, the temperature dependence of nS follows an Arrhenius-
type law with an activation energy (EA) of about 1 eV (see inset of fig. 5.15
for pO2 = 10
−5 bar). The standard LAO/STO heterostructure shows a similar
tendency of a decreasing nS with increasing pO2 above 10
−8 bar. However, due
to the large STO substrate contribution at oxidizing conditions, this tendency is
concealed above 10−4 bar (cf. sec. 4.5).
The defect chemistry model of the LAO/STO bilayer
The measured HTEC characteristics of the LAO/STO interfaces and the result-
ing equilibrium electron density characteristics resemble the HTEC behavior of
donor-doped STO. Therefore, they can be discussed within the corresponding
defect chemistry model.
As discussed in section 2.4, donor-doped STO shows a pO2-independent region
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in its HTEC characteristic for which the charge neutrality condition
n ' [D•]
is valid (electronic compensation). According to this model, the plateau-like re-
gion in the HTEC characteristics of the LAO/STO bilayer, observed for reducing
conditions, indicates the presence of donor dopants at the LAO/STO interface
analogous to the conclusions of section 4.5.
In order to maintain charge neutrality, a decrease of n below the donor level
[D•] requires the formation of additional compensating defects carrying a nega-
tive net charge. Predominantly, Sr-vacancies (V′′Sr) are taken into consideration
as acceptor-type cationic defects in STO (cf. sec. 2.4) which can be created
and annihilated via the Schottky equilibrium (eqs. (2.12) and (2.13) on page
16). Alternatively, a virtual reaction can be formulated which corresponds to
the consecutive execution of the Schottky reaction and the reduction/oxidation
reaction
V′′Sr + (SrO)sp 
 SrxSr + 1/2 O2 + 2e′. (5.3)
Here, (SrO)sp denotes a Sr-rich secondary phase and e
′ a free electron. The
corresponding law of mass action leads to the expression
pO
1/2
2 · n2
[V ′′Sr]
∝ exp
(
− HV
kBT
)
, (5.4)
where HV is the reaction enthalpy. For a given temperature, it follows from
eq. (5.4), that [V ′′Sr] increases with increasing pO2 (cf. sec. 2.4). Hence, an
increasing fraction of donors is compensated by Sr-vacancies when the ambient
pO2 is increased. In case of a full ionic compensation of the extrinsic donors
([V ′′Sr] = 1/2 [D
•] = const.), n becomes proportional to pO−1/42 .
The characteristic slope of (-1/4) on double logarithmic scales is observed also for
the LAO/STO bilayer. This indicates that the decrease of nS at the LAO/STO
interface for oxidizing conditions originates from an ionic self-compensation mech-
anism caused by Sr-vacancies, implying that the Schottky equilibrium is activated
in the investigated temperature range.
Taking the STO layer thickness, tSTO,film = 10 unit cells, and an interfacial donor
concentration [D•]S ≈ 1 × 1014 cm−2 into account, the limiting concentration of
strontium vacancies for a full ionic charge compensation, [V ′′Sr]max, can be esti-
mated according to
[V ′′Sr]max =
[D•]S
2tSTO,film
≈ 1.3× 1020 cm−3 ≡ 0.8 at%.
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Furthermore, the reaction enthalpy, HV, can be calculated from EA, which was
determined for the LAO/STO/LSAT sample at oxidizing conditions, via HV =
2EA ≈ 2 eV. This value obtained for the LAO/STO interface differs significantly
from the value for bulk STO (3.6 eV [5]).
Even though a clear (-1/4)-behavior cannot be observed for the LAO/STO sam-
ple, the evolving decrease of nS above 10
−8 bar suggests a similar charge compen-
sation effect taking place at the interface of the standard LAO/STO heterostruc-
ture. Compared with the LAO/STO bilayer, however, the decrease of nS is shifted
towards higher pO2 values. This may be ascribed to an effect of the particular
STO environment in a single crystal and a more defective finite thin film.
Interestingly, the Schottky equilibrium is usually considered to be frozen for tem-
peratures up to about 1250 K in bulk STO [5, 103]. For the LAO/STO interface,
however, the Schottky equilibrium seems to be active already at significantly
lower temperatures (950 K− 1100 K). This aspect might be ascribed to the small
dimensions of the LAO/STO interface implying that a variation of the decisive
defect concentrations over very small distances can have great impact on the
resulting electronic properties. Moreover, the active Schottky equilibrium at un-
expectedly low temperatures as well as the shift between the characteristics of the
LAO/STO/LSAT sample and the LAO/STO sample indicate that the thermody-
namic constants for the LAO/STO interface differ from the STO bulk values. The
lowered reaction enthalpy, ∆HV , which was found for the LAO/STO/LSAT het-
erostructure, is one particular example of an altered thermodynamic constant for
the LAO/STO interface. The unexpectedly high conductance contribution of the
STO thin film observed under reducing conditions (see sec. 5.4.1) may be another
indication of changed thermodynamic constants for the low dimensional thin film
system, as will be discussed in more detail in chapter 7. Generally, a variation
of the thermodynamics due to a downscaling into the nanometer range has been
observed in various systems [157] including nanocrystalline STO ceramics [158].
5.5 Conclusions
High quality LAO/STO bilayers were achieved on LSAT substrates. The resulting
as-grown LAO/STO interfaces exhibit a metallic low temperature dependence. A
resistance upturn is observed below 150 K indicating an increased amount of de-
fects at the LAO/STO interface of the bilayer system in comparison with the
standard LAO/STO heterostructures.
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Figure 5.16: Schematic illustration of the observed
HTEC characteristics of the LAO/STO bilayer on
LSAT. (Brown) LSAT substrate contribution, (light
blue) STO thin film contribution, (red) LAO/STO
interface contribution.
The characteristic high temperature conductance behavior of the LAO/STO in-
terface in a LAO/STO bilayer on LSAT could be revealed in a pO2-range between
10−4 bar and 10−23 bar for all investigated temperatures (950 K−1100 K). Hence,
the parameter window in which the LAO/STO interface could be investigated
throughout the HTEC experiments is expanded beyond the study on standard
LAO/STO heterostructures. The expanded parameter window allows one to set
up a complete defect chemical model of the LAO/STO interface and reveals the
associated charge compensation effects over a wide oxygen partial pressure range
(see fig. 5.16).
The observed pO2 and temperature independence of the sheet electron density
for reducing conditions supports the idea of a donor-type conduction mecha-
nism taking place at the LAO/STO interface. Furthermore, the decrease of nS
in oxidizing conditions indicates a complex ionic charge compensation mecha-
nism in the vicinity of the interface involving the formation of Sr-vacancies at
high oxygen partial pressures. For this reason, the observed kink in the HTEC
characteristics of standard LAO/STO heterostructures (cf. sec. 4.5) can be in-
terpreted retrospectively as an emerging effect of the ionic charge compensation
at the LAO/STO interface. It was found that the Schottky equilibrium is ac-
tivated already at temperatures between 950 K − 1100 K, which is not observed
for the STO bulk. The active Schottky equilibrium represents a thermodynamic
driving force for the incorporation of V′′Sr in the vicinity of the LAO/STO in-
terface under oxidizing conditions. Therefore, the findings of this chapter imply
that oxygen annealing after the growth of LAO/STO heterostructures - which is
commonly thought to merely remove oxygen vacancies from the STO substrate
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[14, 17, 32, 70, 159] - can also result in an increased cation vacancy concentra-
tion at the interface. These additional defects can reduce the electron density.
Moreover, they can act as scatter centers at low temperatures. The observed
low temperature behavior of the sheet resistance of LAO/STO heterostructures
which were grown at high oxygen partial pressures [28] or post-annealed in oxygen
rich atmospheres [17] may hence be connected to the emerging incorporation of
strontium vacancies. As shown in Ref. [98], cation vacancies also have the poten-
tial to induce magnetic effects in STO. The magnetism reported for LAO/STO
heterostructures [50, 51] thus may be connected to cation vacancies too.
Finally, the general finding of an interaction between cationic defects and inter-
face conductivity in LAO/STO heterostructures opens new perspectives towards
a manipulation and tailoring of the electronic properties of LAO/STO interfaces
as will be discussed in chapter 6. The unexpectedly high HTEC contribution of
bare STO thin films is addressed in more detail in chapter 7.
Chapter 6
Influence of the STO cation stoi-
chiometry on the electrical prop-
erties of LAO/STO interfaces
For a closer investigation of the correlation between LAO/STO interface con-
ductivity and intrinsic (non-)stoichiometry of STO, the controlled insertion of
acceptor-type cationic defects is exploited as a potential tool to manipulate the
electronic properties of the LAO/STO interface. For PLD-grown STO thin films,
the cation stoichiometry can be artificially modulated by the variation of the laser
energy during the growth process (see sec. 5.2). Moreover, the STO stoichiom-
etry can be altered by a thermal equilibration in suitable atmospheres (see sec.
5.4). The two approaches will be discussed in more detail in sections 6.1 and 6.2,
respectively.
To date, only the effect of extrinsic acceptor dopants in the vicinity of the
LAO/STO interface has been addressed by the insertion of single monolayers
of acceptor-doped STO close to the LAO/STO interface [160, 161]. The poten-
tial approach to alter the intrinsic acceptor-concentrations in STO has not been
considered so far.
6.1 Growth-induced cation stoichiometry varia-
tion in STO thin films
In addition to its major advantages for the investigation of the LAO/STO in-
terface under high temperature oxygen equilibrium (see chapter 5), the use of
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PLD-grown LAO/STO bilayers creates new possibilities to manipulate the elec-
tronic properties of the LAO/STO interface and thereby to study the impact
of the STO stoichiometry on the interfacial conductance by a variation of the
STO growth parameters. The concentration of inherent acceptor-type strontium
vacancies as well as titanium vacancies can be controlled by the utilized laser
ablation energy during the growth of STO thin films as discussed in section 5.2.
In the first instance, the growth-induced cation vacancies are thought to add an
inherent cation vacancy background doping which might alter the electronic prop-
erties of the LAO/STO interface. As cation vacancies are acceptor-type defects,
they are expected to (partially) suppress the donor-type interface conduction,
provided that their concentration is sufficiently high (cf. Ref. [160, 161]). In a
simple picture, one could expect an effective donor concentration
[D•]eff = [D
•]− 4 [V ′′′′Ti ]inherent − 2 [V ′′Sr]inherent
for the LAO/STO interface to a non-stoichiometric STO layer.
For a systematic study of the influence of the STO stoichiometry on the
LAO/STO interface, the known sample geometry of 10 unit cells LAO on 10
Figure 6.1: (Left) Evolution of the RHEED intensity during the growth of 10 unit cells STO on LSAT
for laser ablation fluences FSTO = 1.1 J/cm2 (Sr-rich growth), FSTO = 1.95 J/cm2 (stoichiometric
growth) and FSTO = 3.05 J/cm2 (Ti-rich growth). (Right) The surface morphology of the resulting
LAO/STO/LSAT heterostructures for the lowest and highest applied laser fluence during STO deposition
(FSTO = 1.1 J/cm2 and FSTO = 3.05 J/cm2).
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unit cells STO on LSAT substrates was used. During the fabrication, all process
parameters were kept similar to the optimum case described in section 5.3. Only
the incident laser fluence during the growth of the STO layer was varied between
1.1 J/cm2 (Sr-rich growth) and 3.05 J/cm2 (Ti-rich growth).
As shown in fig. 6.1 for maximum and minimum laser fluences, all STO layers
initially grow in a layer-by-layer growth mode (cf. sec. 5.2). Thus, the layer thick-
ness of each STO film can be controlled with atomic precision, and an atomically
smooth surface for the subsequent LAO growth is guaranteed. Despite of the
varied STO stoichiometry, the LAO capping layer grows layer-by-layer with com-
parable RHEED intensity oscillations as presented in fig. 5.10 on page 80. The
resulting surface morphologies of the LAO/STO/LSAT heterostructures (right
side of fig. 6.1) are atomically smooth for all applied laser fluences as indicated
by the clear step terrace structure as well as by the low mean surface roughness.
Fig. 6.2 shows an exemplary temperature dependence of the sheet resistance
of the LAO/STO interface to a slightly non-stoichiometric STO layer (Sr-rich,
F = 1.67 J/cm2) in comparison with the stoichiometric case. In general, the
non-stoichiometric sample delivers higher sheet resistance values than the stoi-
chiometric sample. Starting at 300 K, the non-stoichiometric sample exhibits a
metallic temperature dependence down to 120 K. Below 120 K, the resistance
shows an upturn and increases again. In contrast to the stoichiometric case, no
limiting resistance value is found for temperatures down to 10 K which indicates
an even more pronounced effect of defect scattering. (For standard LAO/STO
heterostructures, a similar behavior has been ascribed to a strong electron local-
Figure 6.2: Temperature dependence of the sheet
resistance of an LAO/STO/LSAT heterostructure
with a 10 unit cell Sr-rich STO layer (squares) in com-
parison with the sample with a stoichiometric STO
layer (red circles, cf. sec. 5.3.1).
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Figure 6.3: Room temperature sheet resistance of LAO/STO/LSAT heterostructures with STO layers
grown at various laser fluences in comparison with the corresponding c-lattice expansion of 160 nm thick
homoepitaxial STO films (cf. sec. 5.2).
ization and a variable range hopping mechanism [162].)
The room temperature sheet resistance, RS, of the as-grown LAO/STO/LSAT
heterostructures is displayed in fig. 6.3 as a function of the laser ablation energy
during the growth of the STO layer. For comparison, the c-lattice expansion of
160 nm thick homoepitaxial STO layers - which is a measure of the cation non-
stoichiometry of the grown STO films (cf. sec. 5.2) - is added to the plot. Obvi-
ously, RS exhibits a minimum for the heterostructures with almost stoichiometric
STO layers indicated by the vanishing c-lattice expansion of the homoepitaxial
films at F = 1.95 J/cm2. For Sr-rich as well as Ti-rich STO layers, the sheet resis-
tance of the LAO/STO bilayer increases with increasing non-stoichiometry of the
STO layer. Finally, RS reaches several hundreds of kilo-ohms at F = 1.1 J/cm
2
and at F = 3.05 J/cm2, respectively. This indicates that the interface conduction
is affected by both Ti-rich composition and Sr-rich composition of the STO thin
film. Thus, the sheet resistance of the LAO/STO interface can be tailored by the
(non-)stoichiometry of the involved STO layer.
In order to elucidate the particular impact of the cationic defects on the electron
mobility and the respective electron density at the LAO/STO interface, several
samples were investigated in Hall measurements at 300 K1. The results are pre-
sented in fig. 6.4. The non-stoichiometry of the STO layer primarily influences the
electron mobility which exhibits an opposite dependence on the ablation energy
1The Hall measurements were conducted by P. Brinks, Faculty of Science & Technology,
University of Twente, Enschede, The Netherlands.
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Figure 6.4: Room temperature Hall data on selected LAO/STO/LSAT heterostructures with different
STO stoichiometry. (a) Sheet resistance, RS , and electron mobility, µn. (b) Sheet carrier density, nS .
as the sheet resistance. For a stoichiometric growth of the STO layer, µn reaches
a maximum value of 1.6 cm2/Vs. For Sr-rich and Ti-rich growth of the STO layer,
the mobility is reduced by up to one order of magnitude. Thus, the increased
amount of defects in the non-stoichiometric STO layers causes additional scat-
tering centers for the electrons at the LAO/STO interface. (A similar influence
of cationic defects on the electron mobility has been concluded for donor-doped
STO thin films [11].)
For all samples, the sheet carrier density is of the order of 1014 cm−2, while the
sheet carrier density tends to increase with increasing laser fluence. Accordingly,
the lowest sheet carrier density is found for the interface to the Sr-rich STO layer
and the highest sheet carrier density is found for the interface to the Ti-rich STO
layer. This is an astonishing result as principally a coincident acceptor-type effect
is expected for Sr-rich and Ti-rich composition.
As indicated by the measurement of the electron mobility, the LAO/STO
interfaces seem to be more defective for non-stoichiometric STO than for the
stoichiometric case. However, as discussed earlier, the transport properties of dif-
ferently grown LAO/STO interfaces occasionally are hard to interpret, because
the defect configuration at the interface might depend on the growth history. For
the growth of STO thin films, for example, it has been suggested that the oxida-
tion state of the deposited thin films depends on the actual cation stoichiometry.
As a result, the carrier concentrations found for Ti-rich STO films are higher
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than for Sr-rich films [101, 115]. It might therefore be argued that the LAO/STO
bilayers, too, end up in different defect chemical states after the growth, accom-
panied by a variation of the resulting carrier density. Such effects are expected to
disapear in high temperature equilibrium which will be discussed in the following.
6.1.1 STO cation stoichiometry dependence of the HTEC
characteristics of LAO/STO bilayers
Fig. 6.5 presents a comparison of the HTEC characteristics of LAO/STO bilayers
on LSAT for a Sr-rich STO layer (a), a stoichiometric STO layer (b) and a Ti-
rich STO layer (c). In essence, all samples show the same behavior, even though
the two characteristic features of 1) a conductance plateau and 2) a conductance
decrease resulting from ionic charge compensation (cf. sec. 5.4) are less pro-
nounced for the non-stoichiometric samples than for the stoichiometric sample.
Thus, a comparable donor-type conduction mechanism as well as a comparable
ionic charge compensation mechanism can be assumed for the non-stoichiometric
samples.
In the intermediate pressure range, the characteristics of the non-stoichiometric
samples are shifted towards lower oxygen partial pressures and lower conductance
values compared with the stoichiometric sample as indicated by the arrows in fig.
6.5. For clarity, fig. 6.6 compares the HTEC characteristics of the three samples
at an equilibration temperature of 950 K. Here, the shifts of the HTEC charac-
teristics become more obvious.
Figure 6.5: High temperature equilibrium conductance characteristics of LAO/STO/LSAT heterostruc-
tures with STO layers grown at various laser fluences. (a) FSTO = 1.1 J/cm2 (Sr-rich growth), (b)
FSTO = 1.95 J/cm2 (stoichiometric growth), (c) FSTO = 3.05 J/cm2 (Ti-rich growth).
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Figure 6.6: Comparison of the HTEC characteris-
tics of LAO/STO bilayers with different cation stoi-
chiometry at an equilibration temperature of 950 K.
As the intermediate pO2 region was identified with a Schottky-like compensation
mechanism in sec. 5.4, the shift of the conductance characteristics indicates a
dependence of the associated thermodynamical constants - in particular the ones
of the Schottky equilibrium - on the actual inherent stoichiometry of the STO
layer. The generation and annihilation of cation vacancies via thermodynamic
equilibrium reactions thus is affected by the presence of inherent defects.
Approaching reducing conditions, all characteristics show a plateau-like behav-
ior and reach comparable conductance values in the range of 1 × 10−5 S, while
the conductance of the non-stoichiometric samples is slightly lower than that of
the stoichiometric sample. According to sec. 2.4, this might indicate a slightly
lower donor concentration, provided that the electron mobility is identical for all
investigated samples. However, the electron mobility at high temperatures might
as well be reduced in the more defective STO layers as indicated by the very
low mobility values obtained at room temperature. In order to determine the
actual electron concentrations in the plateau-like region, it is therefore necessary
to perform Hall measurements on corresponding LAO/STO bilayers which were
equilibrated in a similar atmosphere.
6.1.2 The effect of high temperature equilibration on the
electrical properties of LAO/STO bilayers
The experimental setup hitherto does not permit in-situ Hall measurements in
high temperature oxygen equilibrium. However, it is possible to conserve the de-
sired defect chemical state obtained in high temperature equilibrium by rapidly
cooling the samples down to room temperature where Hall measurements again
become available. This is done by quenching experiments where the sample is
cooled down to room temperature from a defined equilibrium state within a few
seconds [27]. By quenching, the equilibrium defect equilibria freeze almost in-
stantly, and an adjustment of the defect concentrations to a new state is effectively
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prevented. As a consequence, the defect concentrations at room temperature are
similar to the ones achieved during high temperature equilibration. In order to
estimate the donor concentrations of the LAO/STO bilayers with different STO
stoichiometry, the samples have to be equilibrated in reducing atmospheres.
Fig. 6.7 shows the sheet resistance, electron mobility, and sheet electron density of
LAO/STO/LSAT heterostructures which were quenched down to room tempera-
ture after 6 hours of equilibration at 1070 K in reducing 4%H2/Ar atmosphere. At
the given temperature, the gas composition results in an actual oxygen partial
pressure of about 10−23 bar, which coincides with the plateau-like conductance
region observed in the HTEC experiment. As a result, the defect chemical state
within the plateau-region is maintained after quenching. In particular, the high
temperature electron density is expected to be conserved at low temperatures
(nHT = nLT ), as donors in STO are commonly shallow donors [5, 27, 89, 90].
The clear dependence of the sheet resistance (a) and the electron mobility (b) on
the inherent cation stoichiometry of the as-grown samples tends to even out after
the equilibration in the plateau-region. In particular, the electron mobility is
increased in the non-stoichiometric samples and almost reaches a common level
of about 1 cm2/Vs independent of the particular inherent defect configuration.
This indicates, that the presumed additional defects at the LAO/STO interface
to non-stoichiometric STO layers can be healed - at least partially - by the high
temperature treatment. Thus, the enhanced scattering processes in the as-grown
non-stoichiometric samples may be caused not only by inherent acceptor-doping
with cationic point defects, but also by associated extended structural defects
Figure 6.7: Hall data on LAO/STO/LSAT heterostructures with different inherent STO stoichiometry.
(a) Sheet resistance, (b) mobility, (c) sheet carrier density. Black squares denote the as-grown values
and red diamonds the corresponding values after 6 hours of equilibration at 1070 K in reducing 4%H2/Ar
atmosphere.
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which might be incorporated during the non-stoichiometric growth of STO as
reported in Refs. [150, 151]. These extended defects partially may reorganize
during the thermal treatment.
The sheet carrier density at the LAO/STO interface (fig. 6.7(c)) evens out after
the equilibration, too, indicating that the effective donor concentration [D•]eff at
the LAO/STO interface remains unaffected by the particular amount of inherent
cation vacancies. This sets an upper limit for the growth-induced inherent cation
vacancy concentrations of the non-stoichiometric STO layers
[D•]eff = nS/tSTO = [D
•] >> 2 [V′′Sr]inherent + 4 [V
′′′′
Ti ]inherent ,
yielding cation vacancy concentrations well below 1at% for the investiagted sam-
ples. The initial tendency in the as-grown samples of an increasing electron den-
sity with increasing laser fluence thus may result from deviating non-equilibrium
states (and oxidation states) of the samples generated during the growth (cf. Refs.
[115, 163]). As a result, also oxygen vacancies may contribute to the increasing
carrier density observed for as-grown samples.
Summary
Primarily, the growth-induced variation of the STO stoichiometry results in a
modulation of the electron mobility at as-grown LAO/STO interfaces. Further-
more, the stoichiometry of STO seems to bear an influence on the thermodynamic
parameters determining the Schottky-equilibrium and thus the formation of ad-
ditional V′′Sr in the vicinity of the LAO/STO interface.
After equilibration in reducing atmosphere, the influence of the STO stoichiom-
etry on the interfacial transport in the LAO/STO bilayers tends to even out, in-
dicating that the initial modulation of the electron mobility is caused by growth
induced structural defects, which are able to heal during a thermal treatment.
The effective donor concentration at the LAO/STO interface is independent of
the inherent cation vacancy concentrations of the as-grown films. This limits
the inherent cation deficiency of the non-stoichiometric STO thin films to below
1at%.
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6.2 Thermodynamic insertion of strontium va-
cancies
According to chapter 5.4, the stoichiometry of STO in the vicinity of the LAO/STO
interface can be influenced by a thermal treatment in suitable atmospheres. Via
the Schottky-equilibrium, acceptor-type cation vacancies, in particular V′′Sr, can
be induced into or removed from the vicinity of the LAO/STO interface, de-
pending on the actual ambient oxygen partial pressure. In order to probe the
influence of the Schottky equilibrium on the electrical properties of LAO/STO
interface, a 10×10 mm2 wide LAO/STO/LSAT sample was cut into four identical
pieces which then were equilibrated for 6 hours at 1070 K in various atmospheres.
Subsequently, the samples were quenched down to room temperature and charac-
terized in Hall measurements2. In order to access reducing atmospheres, dry and
wet 4%H2/Ar gas mixtures were used corresponding to oxygen partial pressures
of 10−23 bar and 2× 10−19 bar, respectivly. Higher oxygen partial pressures were
realized using a comercial oxygen pump system (SEMG5, Zirox GmbH, Germany,
10−12 bar < pO2 < 10−13 bar) and Ar gas (pO2 ≈ 10−5 bar).
Initially, the LAO/STO/LSAT sample had a sheet resistance of about 100 kΩ
corresponding to a sheet carrier density of 2×1014 cm−2 and an electron mobility
of 0.35 cm2/Vs. The low initial mobility indicates a slight non-stoichiometry of
the subjacent STO layer, as discussed above.
As a reference, a STO-buffered LSAT substrate without LAO capping was equili-
brated simultaneously. All reference samples remained insulating after the equi-
libration. This held even for the lowest oxygen partial pressure in dry 4%H2/Ar
gas mixture.
The results of the quenching experiments are displayed in fig. 6.8. After the
equilibration, the carrier density of the samples which had been annealed in wet
and dry 4%H2/Ar gas mixture did not differ significantly from the initial values.
By contrast, the samples which had been equilibrated in higher oxygen partial
pressure showed a considerable decrease in the initial carrier density. For an oxy-
gen partial pressure of about 10−12 bar, the sheet carrier density decreased by one
order of magnitude to 2 × 1013 cm−2. The sample annealed in Ar gas exhibited
insulating behavior after the equilibration, so that a sheet carrier density was not
measurable.
2The Hall measurements were conducted by P. Brinks, Faculty of Science & Technology,
University of Twente, Enschede, The Netherlands.
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Figure 6.8: Electrical properties of the LAO/STO/LSAT heterostructure after quenching in various
atmospheres. (a) Sheet carrier density, (b) Hall mobility. The dashed lines indicate the initial value of the
as-grown sample.
The mobility of all samples - showing a measurable conductance - increased af-
ter the heat treatment. The same effect was observed also for the post-annealed
LAO/STO/LSAT heterostructures discussed in section 6.1. Thus, the presumed
healing effect seems to be independent of the actual oxygen partial pressure dur-
ing heat treatment.
The dependence of the sheet carrier density on the equilibration atmosphere
corresponds well with the predicted equilibrium values discussed in section 5.4.
For reducing conditions, a constant plateau-like behavior was expected due to
the electronic compensation of the interfacial donor states. For intermediate and
oxidizing conditions, a decrease of nS was expected due to the ionic compensation
of the donors by V′′Sr which were induced via the Schottky-equilibrium.
Interestingly, the sheet carrier density obtained for the as-grown LAO/STO bilay-
ers corresponds with the carrier densities obtained for samples equilibrated in very
reducing atmosphere (pO2 . 10−19 bar). This emphasizes that the PLD growth
process and the resulting defect state is far from thermodynamic equilibrium,
considering that the nominal oxygen background pressure in the PLD chamber
was pLAOdep = 4 × 10−5 mbar = 4 × 10−8 bar in the final stage of the fabrication
process. During its growth, the sample seems to be driven into a non-equilibrium
defect state which in equilibrium corresponds to much more reducing atmosphere
than expected from the nominal growth pressure. A similar effect was observed
also for the growth-induced reduction of STO substrates [96].
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6.3 Conclusions
Two possible ways of manipulating the cation stoichiometry of the STO layer
in the vicinity of the LAO/STO interface have been discussed. Both strategies,
growth-induced insertion of cation vacancies and thermal insertion of strontium
vacancies via the Schottky reaction, have been shown to be suitable for a modifi-
cation of the transport properties of the LAO/STO interface. While a variation of
the STO growth parameters primarily can be used to tailor the electron mobility
at the LAO/STO interface, thermal annealing in various oxygen partial pressures
with subsequent quenching of the defect chemical state can be utilized to vary
the electron density at the LAO/STO interface.
The results of this chapter underline the importance of the interaction between
interfacial conductivity and cationic defects in the STO layer adjacent to the
LAO/STO interface. The suggested strategies to engineer the defect chemical
state of the LAO/STO interface could also open up new ways of analyzing the
impact of cationic defects on other physical properties of the LAO/STO interface
such as magnetism [50–53] in a systematic manner.
Chapter 7
Enhanced high temperature con-
ductance of STO thin films
As revealed in the reference measurement for the LAO/STO/LSAT heterostruc-
ture (see sec. 5.4.1), heteroepitaxial STO thin films on LSAT show an unex-
pectedly high conductance contribution in high temperature equilibrium under
reducing conditions. This effect will be discussed in more detail in the following,
while the experimental data will be interpreted at first in terms of the bulk defect
chemistry model of STO. Afterwards the model will be refined by the considera-
tion of space charges, following Refs. [113, 133, 158, 164–168].
7.1 Experimental results
The HTEC characteristics of 10 unit cells thick STO layers on LSAT grown with
different cation stoichiometry were investigated (see sec. 5.2 and sec. 6.1 for more
details on the fabrication process). In addition, a 160 nm thick stoichiometric
STO layer was characterized in order to investigate the effect of layer thickness
on the electrical properties of the STO thin films.
Fig. 7.1 shows the HTEC characteristics of the 10 unit cells thick STO films.
Each of the samples, i.e. the stoichiometric STO layer (a), the Sr-rich STO
layer (b), and the Ti-rich STO layer (c) show a conductance upturn in reducing
atmosphere which is not observed for the bare LSAT substrate (cf. fig. 5.13
on page 86). The HTEC behavior of the STO thin film thus can be extracted
from the experimental data in the reducing regime. In oxidizing conditions, the
conductance contribution of the STO thin film is concealed by the LSAT substrate
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Figure 7.1: HTEC characteristics of 10 unit cells thick STO layers on LSAT for stoichiometric (a), Sr-rich
(b), and Ti-rich (c) growth. The conductance contribution of the STO films is revealed only under reducing
atmosphere as indicated by the dashed box in (a). (b) and (c) are limited to the low pO2 regime. (d)
Comparison of the HTEC of the thin films under reducing conditions for an equilibration temperature of
950 K.
contribution as indicated by the dashed box in fig. 7.1(a). As shown in fig. 7.1(d)
for the temperature of 950 K, the conductance contributions of the 10 unit cells
thick STO films, GSTO,film, are almost identical in the stoichiometric and the
Ti-rich STO layer, while the conductance contribution of the Sr-rich STO layer
is slightly lower.
For all samples, GSTO,film decreases with increasing oxygen partial pressure, while
the characteristics exhibit a slope of approximately (-1/6) on double logarithmic
scales, i.e.
GSTO,film ∝ pO−1/62 .
The temperature dependence of GSTO,film can be described by an Arrhenius-
type law as shown for the stoichiometric STO layer in fig. 7.2. Independent of
the particular stoichiometry of the STO layer, the Arrhenius fits yield activation
Figure 7.2: Arrhenius fits of the STO thin
film conductance contribution in constant am-
bient oxygen pressure, pO2 = 10−18 bar and
pO2 = 10−23 bar, respectively.
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Figure 7.3: Effective high temperature equilibrium
conductivity of STO thin films for temperatures of
950 K and 1050 K. The conductivity increases with
decreasing layer thickness. The characteristic slope
changes from (-1/4) in the bulk to (-1/6) in the 10
unit cells thick STO layers.
energies, ESTO,filmA , between 1.2 eV and 1.35 eV.
Fig. 7.3 compares the resulting effective conductivity of the 10 unit cells thick
stoichiometric STO thin film, σeff = GSTO,film/tSTO,film, with the conductivity
of the STO single crystal for elevated temperatures. In addition, the conductivity
of the stoichiometric 160 nm thick STO layer is displayed. As one can see, the
conductivity of the thin film is orders of magnitude larger than the bulk con-
ductivity in reducing atmosphere. The thick STO layer still shows an enhanced
conductivity as compared with the bulk. However, the conductivity values seem
to approach the bulk values with increasing layer thickness. For the 160 nm thick
STO layer, an activation energy of ESTO,160 nmA = 1.5 eV is concluded from an Ar-
rhenius fit and the oxygen partial pressure dependence becomes slightly steeper
than the observed (-1/6)-behavior of the 10 unit cells thick STO layer.
Interestingly, both temperature and oxygen partial pressure dependence ofGSTO,film
differ from the bulk behavior, for which an activation energy of EbulkA = 2.74 eV
and GSTO,bulk ∝ pO−1/42 was observed for the same temperature and oxygen par-
tial pressure range (cf. sec. 4.5.1).
7.2 Interpretation in terms of the bulk defect
chemistry model of STO
As the deposited STO thin films are nominally undoped, their electrical properties
may be discussed within the defect chemistry model of impurity acceptor-doped
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STO (see chapter 2.4). According to eqs. (2.15) and (2.16) on page 18, the
characteristic slope of (-1/6) observed in the [log(Conductance)-log(pO2)] plot of
the 10 unit cells thick STO films corresponds to the intrinsic n-type regime which
is represented by the approximated charge neutrality condition
n = 2 [V ••O ]STO,film >> [A
′]STO,film .
[V ••O ]STO,film and [A
′]STO,film denote the oxygen vacancy concentration and the
acceptor-type dopant concentration in the STO thin film, respectively. In contrast
to this, the (-1/4)-behavior observed for the single crystal in the same temperature
and oxygen partial pressure range indicates an extrinsic charge compensation with
the corresponding charge neutrality condition
2 [V ••O ] = [A
′]
(see eq. (2.17) on page 19). Comparing the two relations, it follows that either
the acceptor-dopant concentration in the STO thin films is much smaller than
in the single crystal ([A′]STO,film << [A
′]) or the oxygen vacancy concentration
in the STO thin film is much larger than in the bulk under similar equilibrium
conditions ([V ••O ]STO,film >> [V
••
O ]). The first assumption seems unlikely as the
background acceptor doping of the STO target is expected to be transferred into
the thin film during the deposition process. In addition, the STO thin films in-
corporate additional acceptor-type cation vacancies during the growth (see sec.
5.2 and e.g. Refs. [99, 115]). Thus, the background doping is expected to be
larger in the thin films than in the bulk single crystal.
As a consequence, one can conclude from the defect chemistry model of acceptor-
doped STO, that the STO thin film incorporates many more oxygen vacancies
than the bulk under similar equilibrium conditions. In other words, the STO thin
film can be reduced much easier than the STO bulk. The corresponding effec-
tive reduction enthalpy can be obtained from the activation energy of GSTO,film
according to eq. (2.16) on page 18. It follows for the 10 unit cells thick STO films
∆Hred,film = 3ESTO,filmA ≈ 3.9 eV.
This value is indeed much smaller than the value obtained for the STO single
crystal (∆Hred = 5.48 eV). The reduction enthalpy for the 10 unit cells thick
STO layers thus is reduced by about 1.6 eV.
Taking into account the results for the thicker STO thin film (3ESTO,160 nmA ≈
4.5 eV), it seems that the reduction enthalpy of STO is a continuous function of
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the layer thickness. The presumed effect of a continuous variation of the reduction
enthalpy on the HTEC characteristics of acceptor-doped STO is presented in fig.
7.4(a). The graph shows numerical calculations of high temperature conductivity
at 950 K with altered values for reduction enthalpy. (All other parameters were
kept constant, more details can be found in appendix D). It becomes obvious that
a decrease of ∆Hred results in an increasing n-type conductivity accompanied by
a shift of the entire characteristics towards higher oxygen partial pressures (indi-
cated by the dashed arrow in fig. 7.4(a)). As a consequence, the intrinsic region
(∝ pO−1/62 ) extends up to pO2 ≈ 10−12 bar for low values of ∆Hred, which is in
agreement with the experimental observations discussed above. As shown in fig.
7.4(b), the STO-thin-film-dominated conductance behavior of the 10 unit cells
STO on LSAT can be reproduced by the bulk defect chemistry model of STO,
using the single assumption of a reduced reduction enthalpy for the STO thin
film as compared with the bulk. This assumption of altered thermodynamic pa-
rameters for finite-size STO thin films might be reasonable, as a similar effect was
found also for STO surfaces. As reported in Refs. [164, 165, 169], the formation
energy for oxygen vacancies at the surface of STO is reduced by about 1.5 eV,
which is in remarkably good agreement with the reduced reduction enthalpy ob-
tained from the HTEC measurements for the 10 unit cell sample.
Moreover, the effective thermodynamical constants derived for the finite LAO/STO
interface, too, differ from the bulk values (see sec. 5.4.2) in accordance with the
reduced reduction enthalpy supposed for STO thin films.
Figure 7.4: The effect of a reduced reduction enthalpy on the HTEC characteristics of STO. (a) Numerical
calculations for various ∆Hred. (b) Fit of the experimental data obtained for the 10 unit cells thick STO
layer on LSAT using a reduced reduction enthalpy.
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7.3 Consideration of space charges
So far, the STO thin films were treated in a bulk model which implies a homoge-
neous distribution of the considered defects. This may be different in the vicinity
of interfaces and surfaces where the formation energy for a particular defect may
differ from the bulk value due to the altered crystallographic structure. As a
result, a thermodynamic driving force is generated, forcing the charged point
defects to redistribute, thereby minimizing Gibbs´ energy. This causes space
charges associated with an electrical potential and gradual defect concentration
profiles in the adjacent bulk (see fig. 7.5). In a grain boundary model, the elec-
trical transport through a thin STO film can be regarded as transport along a
grain boundary represented by the surface of the thin film.
The basis of the following considerations is the general formulation of the electro-
chemical potential, µ˜{def}, of a point-defect building unit {def}, which is defined
in thermodynamic equilibrium,
µ˜{def} = µo{def} + kBT ln
(
[def]
Ndef − [def]
)
+ zdefeφ, (7.1)
where µo{def} denotes the standard chemical potential, Ndef the number of sites
per unit volume, and zdef the charge of the point defect. φ corresponds to the
electrical potential.
As reported in Ref. [165], a space charge layer is formed at the surface of STO
due to the lower formation energy of oxygen vacancies at the surface as compared
with the bulk [164, 165, 169]. Oxygen vacancies will thus redistribute from bulk
to surface [165]. This causes a positively charged surface layer (with core charge,
Figure 7.5: Sketch of a space
charge layer at the surface of
acceptor-doped STO.
[
V ••O
]
is de-
pleted in the space charge region
due to the segregation of oxygen va-
cancies towards the grain boundary
core. Accordingly, n is enhanced.
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Qc) and leaves behind a negatively charged space charge layer in the vicinity of
the surface, in which oxygen vacancies are depleted [113, 164, 165]. The resulting
concentration profile can be approximated from eq. (7.1). It follows
[V ••O ] (x) = [V
••
O ]
b · exp
(
−2e(φ(x)− φ(∞))
kBT
)
,
where [V ••O ]
b denotes the oxygen vacancy concentration in the bulk and φ(x) the
non-zero electrical potential generated by the accumulated charge at the surface,
Qc, and the space charge density, ρ. As electrons carry a charge of opposite sign,
the electron concentration, n, is enhanced compared with the bulk in the space
charge region (see fig. 7.5)
n(x) = nb · Ne
Ne + nb exp
(
e(φ(x)−φ(∞))
kBT
) · exp(e(φ(x)− φ(∞))
kBT
)
, (7.2)
where Ne denotes the density of states in the conduction band of STO, and n
b
the electron concentration in the bulk. As a result, the n-type conductivity is
enhanced [133]. This enhancement is observable under reducing conditions.
In order to determine the actual concentration profiles in the space charge layers,
the electrical potential, φ(x), has to be specified. As described in Ref. [164], this
can be done taking into account a set of thermodynamic equations and boundary
conditions. In thermodynamic equilibrium, the electrochemical potential for the
formation of oxygen vacancies, µ˜{V••O }, is constant in the bulk (b), the space charge
layer, and the surface core (c). Consequently, it follows
0 = µ˜c{V••O } − µ˜
b
{V••O }
= ∆µo{V••O } + kBT ln
(
[V ••O ]
c
N cV••O
− [V ••O ]c
)
− kBT ln
(
[V ••O ]
b
N bV••O
− [V ••O ]b
)
− 2eΦ0,
(7.3)
where ∆µo{V••O } is the difference between the standard chemical potential for oxy-
gen vacancies in the bulk and at the surface of STO. For a given value for ∆µo{V••O },
this yields a relation between space charge potential (Φ0 = φ(0)−φ(∞)) and ac-
cumulated charge at the surface (via [V ••O ]
c; Qc = 2ewc([V
••
O ]
c− [V ••O ]b), where wc
is the width of the surface core). The bulk concentration, [V ••O ]
b, is determined
by the bulk defect chemistry model of STO.
Additionally, Poisson-Boltzmann´s equation
r0
d2φ
dx2
= −ρ(φ(x)) = e ([A′]− 2 [V ••O ] (x)− p(x) + n(x)) , (7.4)
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Figure 7.6: Calculated concentration profiles in the
vicinity of the surface core (at x = 0) for the semi-
infinite case at 950 K. (Top) aO2 = 10−16 corre-
sponding to pO2 = 10−16 bar. (Bottom) aO2 =
10−24 corresponding to pO2 = 10−24 bar. The calcu-
lations assume a reduced formation energy for oxygen
vacancies at the surface (∆µo{V••O } = −1.42 eV).
and Gauss´s law
Qc = −0r dφ
dx
|x=0, (7.5)
are considered. (r denotes the dielectric constant of STO and ρ(x) the charge
density at position x.) As a boundary condition, it is assumed that the electrical
field vanishes far away from the space charge layer, ∇φ(x =∞) = 0 (semi-infinite
case).
Starting with a guess for Φ0, eq. (7.4) can be solved numerically. From the
solution, Qc can be calculated via Gauss´s law on the one hand, and using eq.
(7.3) on the other hand. In order to find the correct surface potential, Φ0 is
varied until the two values for Qc are identical within the required accuracy [164].
The electron concentration profile follows from the obtained electrical potential
according to eq. (7.2). The electrical sheet conductance then is obtained by
integration over the thickness of the STO thin films, GSTO,film = eµn
∫ t
0
n(x)dx.
For the semi-infinite case, GSTO,film ∝
∫
n(x)dx turns out to be the sum of a
thickness independent excess space charge contribution, ∆Gsc (cf. reddish area in
figs. 7.5 and 7.6), and a thickness dependent bulk contribution, Gbulk(t) = σbulk · t
(dashed area). The effective conductivity, σeff , is thus increasing with decreasing
layer thickness as predicted in Ref. [133],
σeff =
GSTO,film
t
= σbulk +
∆Gsc
t
≥ σbulk. (7.6)
The oxygen partial pressure and temperature dependence of the space charge
layer contribution is determined by the actual accumulated charge in the core
(i.e. [V ••O ]
c and the corresponding surface potential Φ0) and the bulk defect con-
centrations.
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Figure 7.7: Calculated high
temperature equilibrium con-
ductivity of STO thin films
(open symbols) at 950 K for
different layer thicknesses. For
comparison, the experimental
data is displayed (filled sym-
bols).
The semi-infinite calculation is valid for STO thin films which are thicker than
the width of the space charge region, λ ≈ 120 nm. Hence, it is not valid for the
4 nm thin film. However, a numerical solution of eq. (7.4) can be achieved using
the modified boundary condition of a vanishing electric field at a depth of 4 nm,
∇φ(x = 4 nm) = 0. As a result, φ(x) turns out to be almost constant throughout
the STO layer.
The results of the numerical calculations1 are summarized in figs. 7.6 and 7.7.
The concentration profiles (fig. 7.6, semi-infinite case) were obtained utilizing
the STO bulk parameters determined in sec. 4.5.1, a surface core width of half a
unit cell, wc = 1.95 A˚, and a driving force of ∆µ
o
{V••O } = −1.42 eV [164, 165]. Us-
ing this parameter set, the experimentally determined conductance contribution
can be numerically reproduced in reasonable good agreement for both investi-
gated layer thicknesses, 4 nm (10 unit cells) and 160 nm (see fig. 7.7). Thus,
only the single assumption of a reduced formation energy of oxygen vacancies
at the surface of the film is required to reproduce the experimental findings. In
particular, the transition of the characteristic slope from (-1/4) for the bulk to
(−1/6 ≈ −0.17) for the 10 unit cells thick film is reproduced by these numerical
calculations. For the 160 nm thick film, an intermediate slope of about (-0.21) is
predicted in reasonable agreement with the experimental findings. Remarkably,
the assumed driving energy, ∆µo{V••O } = −1.42 eV, is the same one which was
obtained for the surface of STO single crystals [165].
1The numerical calculations were performed by R. De Souza, Institute of Physical Chemistry,
RWTH Aachen, Aachen, Germany.
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The thickness dependence of σ discussed above thus is a result of the weighted
superposition of the bulk contribution and the corresponding excess space charge
contribution. As a consequence, the thermodynamic constants within the epitax-
ial STO thin films do not show a continuous dependence on the layer thickness
but remain similar to the bulk values for all layer thicknesses. In particular,
∆Hred does not show a continuous thickness dependence. Instead, the reduction
enthalpy is reduced only at the surface of the considered STO thin film. This
causes an enhanced electron concentration within the surface space charge layer.
7.4 Conclusions
An enhanced high temperature equilibrium conductance of STO thin films was ob-
served for reducing atmospheres. The observed slope of (-1/6) in the [log(Cond.)−
log(pO2)]-plot indicated a highly reduced STO thin film and a reduced reduction
enthalpy in agreement with the reported reduced formation energy for oxygen
vacancies at the STO surface [164, 165, 169].
The 160 nm thick film showed intermediate conductivity values. According to the
bulk defect chemistry model of STO, this indicated a continuous change of the
thermodynamic parameters with varying layer thickness. However, taking into
consideration the formation of a space charge layer at the surface of the STO
thin film, one finds an inherent thickness dependence of the electrical conductiv-
ity, due to the varied weighting of the space charge contribution and the bulk
contribution. As a consequence, the thermodynamic parameters within the STO
thin films may be regarded as unchanged compared to the bulk. Only the surface
of STO shows an altered set of thermodynamic constants, in particular, a lower
formation energy for oxygen vacancies. The observed high temperature equilib-
rium conductance of the thin films could be reproduced by the single assumption
of a thermodynamic driving energy, ∆µo{V••O } = −1.42 eV. This value for the thin
films is identical with the one reported for the surface of STO single crystals.
The electrical properties of the 10 unit cells thick film seem to be mainly deter-
mined by the reduction of the surface core. Therefore, the HTEC measurement
and the associated effective reduction enthalpy might provide a direct measure of
∆µo{V••O } and thus of the reduced formation energy for oxygen vacancies at the
surface of STO. This is supported by the accordance of the measured value with
the predicted one.
Chapter 8
NdGaO3/SrTiO3 heterostructures
The previous chapters addressed how STO and related defects may bear an effect
on the electrical properties of the conducting interface between STO and the po-
lar perovskite LAO. This chapter will discuss the role of the polar capping layer.
In particular, it will introduce NdGaO3/SrTiO3 (NGO/STO) heterostructures as
an alternative material system for the construction of a conducting interface. In
order to arrive at a generalized understanding of oxide interfaces between polar
and non-polar perovskite materials, it is an essential approach to vary the in-
volved materials.
In its pseudo-cubic lattice, NGO can be described as an alternating stack of
charged (NdO)+ and (GaO2)
− planes. Therefore, it can be regarded as a polar
perovskite material where the A-site cation is represented by Nd3+, and the B-site
cation by Ga3+, respectively.
It will be shown that the NGO/STO system is a suitable candidate to study
how the cation stoichiometry in the polar capping material influences the recon-
struction of the NGO/STO interface, enabling fundamental conclusions on the
conduction mechanism at oxide interfaces. In particular, the role of the B-site
cation, Ga3+, will be discussed.
For the LAO/STO system an influence of both LAO composition [85, 170–172]
and STO composition (see chaps. 5, 6 and Refs. [160, 161]) has been reported.
The fabrication process of NGO thin films and a structural analysis of the
resulting NGO/STO heterostructures will be presented in section 8.1. In section
8.2, the fundamental electrical properties will be discussed and compared with the
LAO/STO system. Subsequently, the influence of the NGO cation stoichiometry
on the interfacial conductivity of NGO/STO heterostructures will be addressed.
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It will be focused upon how the temperature of the STO substrate during growth
affects the crystal quality and the stoichiometry of the deposited NGO layers (sec.
8.3). Moreover, the NGO/STO heterostructures will be characterized by means
of HTEC measurements (sec. 8.4) in order to examine the role of defects for
the interfacial conductivity and to probe the thermal stability of the NGO/STO
system.
8.1 Sample preparation and structural proper-
ties of NGO/STO heterostructures
NGO/STO heterostructures were obtained by pulsed laser deposition (PLD) us-
ing single crystalline as well as ceramic NGO targets. The NGO thin films
were grown on TiO2-terminated STO substrates at temperatures between 920K
and 1070 K and various oxygen partial pressures (4 × 10−5 mbar < pNGOdep <
5 × 10−2 mbar). Laser fluence and ablation frequency were adopted from the
LAO growth process (cf. sec. 4.2), i.e. FNGO = 1.4 J/cm2 and fNGO = 1 Hz,
respectively.
At 970 K and an oxygen pressure of 4 × 10−5 mbar, clear RHEED intensity os-
cillations were observed indicating a layer-by-layer growth mode as shown for the
growth of 20 unit cells of NGO in fig. 8.1(a). The RHEED image recorded after
the growth (see inset of fig. 8.1(a)) shows a clear spot pattern typical for perfectly
2-dimensional surfaces. This is further confirmed by AFM revealing an atomi-
Figure 8.1: Growth of 20 unit cells NGO on TiO2-terminated STO at TNGOdep = 970 K and p
NGO
dep =
4× 10−5 mbar. (a) Evolution of the RHEED intensity during the growth (Inset: Diffraction pattern in the
final growth stage). (b) (2Θ − Θ) scan around the (200) substrate peak; The dotted line corresponds to
the bare STO substrate. (Inset: (5× 5µm2)-AFM scan of the surface morphology). (c) Reciprocal space
map of the NGO/STO heterostructure.
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cally smooth film surface with clear step terrace structure (inset of fig. 8.1(b)).
XRD data obtained in the vicinity of the (200) STO substrate peak show distinct
thickness oscillations indicating a good crystallinity of the film and a well-defined
interface between STO substrate and NGO film (fig. 8.1(b)). The low thickness
of the NGO layer as well as the small lattice mismatch between STO and NGO
of about a,b ≈ 1% prevent that the position of the main NGO peak is sufficiently
resolved in the (2Θ−Θ) scan. However, using reciprocal space mapping (RSM),
both in-plane and out-of-plane lattice constant can be estimated. As one can see
from fig. 8.1(c), the NGO film grows perfectly strained and adopts the in-plane
lattice constant of STO (cSTO = 3.905 A˚). In out-of-plane direction, the RSM
reveals a c-lattice constant of cNGO = 3.845 A˚ for the NGO film corresponding
to a poission ratio of νNGO = 0.19 (cf. appenix C). Using cNGO, the expected
position of the NGO film peak can be marked in fig. 8.1(b) (as indicated by the
dashed line).
8.2 Electrical properties of NGO/STO hetero-
structures
The electrical properties of the NGO/STO heterostructures were investigated in a
van der Pauw configuration while the NGO/STO interface was contacted by ultra-
sonic Al-wire bonding. NGO/STO heterostructures were grown at TNGOdep = 970 K
and pNGOdep = 4 × 10−5 mbar with various NGO layer thicknesses between 0 and
40 unit cells. The thickness dependence of the room temperature sheet resis-
tance is shown in fig. 8.2(a). The heterostructures remained insulating up to a
layer thickness of 3 unit cells. Above this layer thickness, the heterostructures
show a sudden drop in sheet resistance which saturates within two unit cells at
about 10 kΩ. The observation of a critical layer thickness of 4 unit cells corre-
sponds with the reported values for LAO/STO [32] (cf. also sec. 4.4) and the
LaGaO3/STO system [58].
For an NGO layer thickness of 8 unit cells, NGO/STO heterostructures were
grown at various oxygen partial pressures. As indicated in fig. 8.2(a), the samples
remained conductive for the growth pressures of 1×10−4 mbar and 1×10−3 mbar,
whereas the NGO/STO heterostructure grown at 5×10−2 mbar exhibited insulat-
ing behavior. For the conducting samples, the room temperature sheet resistance
slightly increased with increasing deposition pressure, which is consistent with
the findings for the LAO/STO system [28].
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Figs. 8.2(b-d) show the temperature dependence of sheet resistance, mobility, and
sheet carrier density obtained from Hall measurements for an 8 unit cells thick
NGO layer on STO in comparison with the standard LAO/STO system grown
under similar conditions. Similar to LAO/STO, the NGO/STO heterostructure
shows a metallic temperature dependence down to 5 K. The mobility increases up
to about 1100 cm2/Vs at low temperatures which is one order of magnitude higher
than the first reported value for NGO/STO heterostructures [35]. In agreement
with Ref. [35], the electron mobility is proportional to T−2 above 50 K, which
indicates a strong electron-electron interaction [132]. The sheet carrier density
nS is about 1 × 1014 cm−2 at room temperature, which is well below the criti-
cal carrier density observed for a bare reduction of the STO substrate [16, 28].
The carrier density stays constant down to a temperature of about 100 K below
which a carrier freeze-out is observed. At 5 K, the carrier density reaches a value
of 2 × 1013 cm−2. In the transition region, the carrier density is thermally ac-
Figure 8.2: Electrical properties of NGO/STO heterostructures. (a) Thickness dependence of the room
temperature sheet resistance of NGO/STO heterostructures grown at a growth temperature TNGOdep =
970 K. (b) Temperature dependence of the sheet resistance of an NGO/STO heterostructure for an NGO
layer thickness of 8 unit cells. (c) The corresponding sheet carrier density and electron mobility (d).
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tivated with an activation energy of approximately 4 meV indicating a shallow
donor-state as the source of the charge carriers. A comparable behavior has been
reported for the LAO/STO interface elsewhere [39, 132] (cf. also sec. 4.4).
In summary, metallic conductivity was obtained for NGO/STO heterostructures
with NGO layer thicknesses above 4 unit cells. In general, the electrical properties
of the investigated NGO/STO heterostructures are highly comparable to those
of the LAO/STO heterostructures - including the critical thickness phenomenon,
carrier densities and low temperature mobilities. In the following paragraphs,
the electrical properties of NGO/STO heterostructures will be discussed in more
detail with a focus on the effects resulting from the NGO cation stoichiometry.
8.3 The impact of the NGO stoichiometry on
the electrical conductivity of NGO/STO het-
erostructures
In order to explore in more detail the influence of the deposition conditions on the
structural and electrical properties of NGO/STO heterostructures, the deposition
temperature Tdep during NGO growth was varied. Fig. 8.3 shows RHEED and
XRD data for 20 unit cells thick NGO films grown at 920 K, 970 K, 1020 K, and
1070 K. The monitored RHEED intensity data (fig. 8.3(a)) evidence a clear im-
pact of Tdep on the growth process. For all temperatures, intensity oscillations are
observed indicating a layer-by-layer growth mode. However, both amplitude and
damping of the oscillations are strongly dependent on the growth temperature.
Starting at the lowest deposition temperature, clear oscillations with an almost
constant amplitude are observed after the initial intensity decay. Increasing the
growth temperature to 970 K improves both the amplitude and the stability of
the RHEED oscillations. However, at further increased deposition temperatures,
a strong damping of the RHEED oscillations leading to a constant intensity sig-
nal after the growth of approximately 15 unit cells is observed. For a growth
temperature of 1070 K, the intensity of the electron beam was increased during
the growth in order to resolve the vanishing oscillations. Moreover, the diffrac-
tion pattern received after the growth changes with the deposition temperature.
As shown in the center of fig. 8.3, the distinct reflection and diffraction spots
observed at 920 K and 970 K become weaker at 1020 K and almost disappear at
1070 K, indicating an increasing surface roughness of the NGO thin film with
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Figure 8.3: NGO/STO heterostructures grown at various deposition temperatures (920 K− 1070 K). (a)
Evolution of the RHEED intensity during growth of 20 unit cells NGO and the corresponding diffraction
patterns in the final stage of the growth. (b) Corresponding XRD data; The dashed lines correspond to
the bare STO substrate.
increasing deposition temperature. As a clear step terrace structure is revealed
by AFM for all samples (cf. inset of fig. 8.1(b)), this increase of the surface
roughness is in the angstrom range.
In the diffraction patterns of the samples grown at 920 K and 970 K, additional
streaks are observed between the ±01 reflections and the specular spot. Accord-
ing to Ref. 35, this can be attributed to a c(2×2) reconstruction associated with
the orthorombic distortion of the NGO unit cell.
Crystallinity XRD data of the four samples around the (200) STO substrate
peak are shown in fig. 8.3(b). The sample grown at 970 K shows the most pro-
nounced thickness fringes next to the NGO film peak (the dotted line corresponds
to the c-lattice parameter obtained from the RSM in fig. 8.1(c)). Also for the
sample grown at 920 K reasonable finite thickness oscillations are found. How-
ever, for the samples grown at higher Tdep much weaker and broadened thickness
oscillations are observed. For the sample grown at 1070 K, thickness fringes are
almost absent. However, a weak trace of a residual crystalline perovskite NGO
layer is still evident. The optimum crystallinity of NGO thin films is achieved
for Tdep = 970 K, whereas the crystal quality is significantly decreased at higher
deposition temperatures. Moreover, the thickness of the crystalline portion of the
deposited films seems to decrease with increasing growth temperatures > 970 K
as indicated by the broadening of the thickness oscillations.
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Stoichiometry The cation stoichiometry of the NGO thin films was determined
by X-ray photoelectron spectroscopy (XPS) with an incident angle of Θ = 75◦,
probing the first few nanometers of the NGO layer close to film surface1. As
is evident from the Ga 2p3/2 spectra (fig. 8.4(e)), the intensity of the Ga sig-
nal strongly decreases with increasing growth temperature, while the Nd signal
(Nd 4d spectra, not shown) remains unaffected by Tdep. This significant relative
change of the cation stoichiometry will be discussed in the following. Fig. 8.4(a)
shows the resulting Ga/Nd ratio of the NGO films grown at different tempera-
tures. Starting at a nominally Ga-rich composition (Ga/Nd≈1.3) at 920 K, the
Ga content constantly decreases with increasing Tdep. The film grown at 970 K
exhibits a Ga/Nd ratio of 1.1. Above this deposition temperature, the NGO films
become nominally Nd-rich with a Ga/Nd ratio as small as 0.17 for Tdep = 1070 K.
Hence, the variation of the growth temperature results in a strong variation of
the cation stoichiometry of the grown NGO films.
For PLD processes, the film stoichiometry usually is determined by the plasma
composition which can be altered by varying laser fluence [99, 101, 148, 170],
background pressure, and target-to-substrate distance [100] (see also sec. 5.2).
However, each of these parameters were fixed in the present study. As a conse-
quence, the observed stoichiometry variation must have a different origin. For
NGO single crystals, it has been shown that Ga tends to evaporate from NGO
when reaching a sufficiently high temperature (above 1100 K) [173, 174]. (The
same effect is exploited to achieve NdO-terminated NGO substrates by heat treat-
ments [143].) It is therefore supposed that the NGO thin films, too, suffer from a
loss of Ga due to thermal evaporation during film growth and subsequent cooling.
Since the Ga vapor pressure increases with increasing temperature, the effect is
expected to be less pronounced for lower deposition temperatures consistent with
fig. 8.4(e). Therefore, one may conclude from the XPS data of the sample grown
at 920 K, that the film is nominally Ga-rich for the chosen laser fluence and oxy-
gen pressure conditions. With increasing substrate temperature the Ga excess
then is compensated and overcompensated by preferential thermal evaporation
of Ga leading to an almost stoichiometric NGO film at 970 K and Nd-rich NGO
film at even higher temperatures. Thus, also the observed variation in the film
crystallinity (fig. 8.3) can mainly be attributed to a stoichiometry effect.
1Measurements were provided by K. Skaja, Peter Gru¨nberg Institute, Forschungszentrum
Ju¨lich GmbH, Ju¨lich, Germany.
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Electrical properties As shown in fig. 8.4(b) for 8 and 20 unit cells thick
NGO films, the room temperature sheet resistance of the NGO/STO heterostruc-
tures, RS, shows a dependence on Tdep which indicates a correlation between the
NGO cation stoichiometry and the NGO/STO interface conductivity. For growth
temperatures between 920 K and 1020 K, the RS values vary slightly reaching a
minimum for the most stoichiometric NGO film grown at 970 K. Moreover, no
significant thickness dependence is observed for these temperatures and the re-
lated stoichiometry range (in agreement with fig. 8.2(a)). However, towards
higher growth temperatures, the sheet resistance of the NGO/STO heterostruc-
tures increases and shows a dependence on the NGO thickness. For the 8 unit
cells thick NGO layer, the sheet resistance shows a steep upturn at 1070 K. The
20 unit cells thick samples show a similar tendency. However, the increase in
resistance with increasing deposition temperature is much less pronounced.
Hall measurements on corresponding samples shown in fig. 8.4(c),(d) reveal that
the electron mobility, µn ≈ 5 cm2/Vs, (fig. 8.4(d)) does not change systemat-
ically for the thick samples, whereas the carrier density, nS, (fig. 8.4(c)) de-
Figure 8.4: Stoichiometry and electrical properties of NGO/STO heterostructures grown at various Tdep.
(a) Ga/Nd ratio (obtained from XPS), (b) Sheet resistance at 300 K, (c), (d) corresponding carrier density
and mobility at 300 K, (e) Ga 2p3/2 spectra (XPS), (f) schematic illustration of the preferential evaporation
of Ga.
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creases gradually with increasing Tdep. For the thinner samples, nS shows an
even steeper decrease from 1.1×1014 cm−2 (Tdep = 970 K) down to 3.5×1013 cm−2
(Tdep = 1070 K). Moreover, the mobility is significantly reduced in the sample
grown at 1070 K (µn ≈ 2 cm2/Vs), while µn varies around a value of 5 cm2/Vs in
the samples grown between 920 K and 1020 K, similar to the 20 unit cell samples.
Although the cation stoichiometry is quite different for the samples grown
between 920 K and 1020 K, their electrical properties at room temperature are
remarkably similar. Conducting interfaces are found for both nominally Ga-rich
and Nd-rich NGO films according to the present XPS results. The sheet resistance
is significantly increased only for the lowest Ga content obtained at 1070 K. In
comparison, conducting LAO/STO interfaces could be achieved only for Al-rich
LAO films, i.e. LAO films with a surplus of B-site cations [171].
Since µn is not affected by Tdep in the 20 unit cell samples, the disorder at the
interface - which determines the electron mobility - needs to be similar in these
samples for any growth temperature.
The evaporation of Ga predominantly may take place at the surface of the NGO
film during and after the deposition. During the growth, the Ga evaporation
may partially be compensated by the oversaturated material supply within the
subsequent plasma pulses. However, after growth and during cooling, the amount
of Ga decreases continuously as long as the sample temperature is sufficiently
high. Hence, the lack of Ga is rather more pronounced at the surface of the
NGO film than close to the NGO/STO interface, resulting in a stoichiometry
gradient. This is in agreement with the observation that all films initially grow
in a similar layer-by-layer growth mode, yielding a well-ordered interface and a
similar mobility for any of the samples. For the interface reconstructions and the
resulting carrier density, however, the stoichiometry and defect structure not only
at the interface, but throughout the entire NGO film might be of importantance,
as reported for the LAO/STO interface [85, 171].
Supposing a stoichiometry gradient, the effect of a Ga-deficient NGO surface layer
on the interface properties should increase when the distance between surface and
interface (i.e. the layer thickness) is decreased. In fact, a more pronounced effect
of Tdep was observed for the 8 unit cells thick NGO films in comparison with
the 20 unit cells thick films. As regards the thin 8 unit cell samples, nS and µn
both are significantly reduced in the sample grown at 1070 K, indicating that the
disordered, Ga-deficient region is extending into the interface, thereby affecting
the electron mobility.
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8.4 High temperature conductance characteris-
tics of NGO/STO heterostructures
In order to exclude an influence of growth induced oxygen vacancies (V••O ) in the
STO substrate on the observed electrical conductance of NGO/STO heterostruc-
tures, the high temperature conductance in equilibrium with the surrounding
atmosphere (HTEC) was investigated.
The measurements taken in thermodynamic equilibrium correct for any conduc-
tance contribution caused by a non-equilibrium concentration of oxygen vacancies
in the STO substrate and reveal the fundamental chemical processes taking place
at the NGO/STO interface (cf sec. 4.5 and Refs. [24, 25]). Moreover, the thermal
stability of NGO thin films is probed by a successive increase of the equilibration
temperature. The NGO layer is not expected to act as an oxygen diffusion barrier
due to the considerable oxygen ion conduction of NGO at elevated temperatures
(see sec. 5.1 and Ref. [140]).
For the HTEC measurements, 10 unit cells of NGO were grown on TiO2-terminated
STO at a growth temperature of 970 K where the optimum stoichiometry and
crystallinity were obtained (cf. sec. 8.3).
Fig. 8.5(a) shows the HTEC characteristics of the NGO/STO heterostructure for
the temperatures 850 K, 900 K, 950 K, and 1000 K, respectively. For the case that
the observed conductivity of the NGO/STO heterostructures merely resulted from
a reduction of the STO substrate bulk, the HTEC characteristics of NGO/STO
heterostructure and STO substrate were expected to be identical. However, a
clear deviation from the conventional V -shape of the bare STO substrate (shown
for 950 K, open symbols, see also sec. 4.5.1) was observed for intermediate pO2-
values (10−18 bar . pO2 . 10−8 bar). This evidences an additional thermally
stable conduction path at the NGO/STO interface.
Between 10−18 bar and 10−12 bar, the conductance of the NGO/STO interface
shows a plateau-like, temperature and oxygen partial pressure independent be-
havior, which was also found for the LAO/STO system (see sec. 4.5 and Refs.
[24, 25]). This behavior can be attributed to the presence of donor-type states at
the conducting interface such as generated by Nd-intermixing, trapped oxygen va-
cancies, or electronic interface reconstructions. Taking into account the high tem-
perature electron mobility in STO [5], the conductance values of about 1×10−5 S
in the plateau region correspond to an electron density of about 1 × 1014 cm−2,
which is in good agreement with the carrier densities measured at room temper-
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Figure 8.5: (a-c) HTEC characteristics of the NGO/STO heterostructure at various equilibration tem-
peratures: (a) 850 K−1000 K (open symbols denote the STO single crystal at 950 K), (b) 1000 K−1100 K,
(c) repeated measurement at 950 K (dashed line denotes the STO single crystal at 950 K). (d) XRD data
and (e) XPS data (Ga 2p3/2) before and after the HTEC characterization.
ature for as-grown samples (cf. fig. 8.2).
Between 10−12 bar and 10−8 bar, the conductance contribution of the NGO/STO
interface decreases with increasing pO2 and becomes thermally activated (indi-
cated by the arrow in fig. 8.5(a)). As proposed for the LAO/STO interface,
this deviation from the conductance plateau can be related to an ionic charge
compensation mechanism caused by the formation of Sr vacancies close to the
conducting interface (cf. sec. 5.4 and Ref. [25]).
Thermal stabiliy The HTEC behavior of the NGO/STO heterostructure ob-
served for equilibration temperatures between 850 K and 1000 K generally is well
comparable to the behavior of the LAO/STO heterostructures (cf. sec. 4.5).
Similar to the LAO/STO case, the HTEC characteristics of the NGO/STO het-
erostructure can be described by the defect chemistry model of donor-doped STO
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up to 1000 K. This model considers thermodynamic equilibrium states deter-
mined by a set of reversible chemical reactions (see sec. 2.4). Neglecting the
power-law temperature dependence of the electron mobility, this model implies
that the high temperature equilibrium conductance, G, is a monotone function
of equilibration temperature, T , for any given oxygen partial pressure, i.e.,
G(T1, pO2) ≤ G(T2, pO2) for T1 < T2. (8.1)
In other words, the HTEC characteristics for different temperatures may overlap
(in the plateau region), but they do not cross each other, which is consistent
with the data presented in fig. 8.5(a). However, when increasing the equilibra-
tion temperature to 1050 K and 1100 K (fig. 8.5(b)), a crossing of the HTEC
characteristics occurs indicating an irreversible degradation of the interface con-
duction path. With increasing temperature, the conductance of the NGO/STO
heterostructure decreases (indicated by the arrow in fig. 8.5(b)) so that the rela-
tion (8.1) is no longer fulfilled.
The irreversible character of the degradation process becomes even more obvious
in fig. 8.5(c) which compares the HTEC characteristic of the NGO/STO het-
erostructure measured at 950 K before (filled symbols) and after (open symbols)
the additional measurement cycles at 1050 K and 1100 K (corresponding to a heat
treatment of several hours at various pO2). The contribution of the interfacial
conduction path disappeared after the thermal treatment and the resulting HTEC
characteristic of the treated NGO/STO heterostructure was identical with the V -
shaped HTEC characteristic of the STO substrate (dashed line in fig. 8.5(c)).
After cooling, the degraded heterostructure showed an insulating behavior and
also structural modifications were observed. Comparing XRD data of the investi-
gated sample before and after the thermal degradation, one finds a drastic change
in the crystallinity of the NGO film. While clear thickness oscillations were found
for the as-grown film, almost no indication for a crystalline perovskite layer could
be found after the heat treatment (fig. 8.5(d)).
Moreover, XPS measurements on the sample showed that the Ga signal com-
pletely disappeared after the HTEC measurement (fig. 8.5(e)), while Nd was still
well detectable. Hence, the NGO/STO heterostructure suffers from the same
preferential evaporation of Ga during the HTEC measurement, which was ob-
served for samples grown at various growth temperatures. In fact, the tempera-
ture range, where the irreversible process occurs during the HTEC measurement
(1000 K-1100 K) corresponds well with the growth temperature range where the
NGO thin films tend to be Nd-rich (1020 K − 1070 K). Due to a longer expo-
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sure time during the HTEC measurements, the effect of Ga evaporation is even
more pronounced than for the growth temperature variation. This results in a
full depletion of Ga in the entire NGO layer (cf. fig. 8.5(e)) accompanied by a
transition from initially conducting behavior to insulating behavior after HTEC
measurements above 1000 K.
Summary The HTEC measurements provide manifold important information
on the origin of the conduction at the interface between NGO and STO. For a
start, a thermally stable interface contribution is found for temperatures between
850 K and 1000 K, indicating that the NGO/STO heterostructures generally show
an interface reconstruction similar to the LAO/STO system. Thus, the observed
conductivity is not merely the result of a growth induced substrate reduction.
Secondly, the pO2- and temperature independent behavior of the high tempera-
ture conductance (10−16 bar . pO2 . 10−12 bar) indicates a donor-like conduction
mechanism such as generated by Nd-intermixing, non-mobile oxygen vacancies, or
electronic reconstructions. These donor-like states either can be compensated by
electrons or by acceptor-like Sr-vacancies which reduce the electron density and
thereby the interfacial conductance contribution (10−12 bar . pO2 . 10−8 bar).
At temperatures above 1000 K, the NGO thin films suffer from a loss of Ga due to
thermal evaporation. This has an immense impact on the electrical properties of
the NGO/STO interface. As soon as the lack of Ga becomes too large, a formerly
conducting NGO/STO heterostructure turns into an insulating system.
As a result, an appropriate Ga content within the NGO film is essential not only
to initialize, but also to preserve the conductivity at the NGO/STO interface.
Therefore, a simple implantation of Nd3+ donors into the STO substrate during
growth - which should not be affected by a subsequent evaporation of Ga from
the adjacent NGO film - most likely is not the predominant cause of the interface
conduction. Rather, the strong impact of the NGO stoichiometry and particu-
larly the impact of Ga-deficiency on the HTEC characteristics of the NGO/STO
interface both emphasize the importance of the B-site cation in the polar cap-
ping material. A mere provision of potential A-site donor dopants in terms of
Nd3+-ions thus is not sufficient to achieve a conducting interface. This result is in
accordance with the observation of an increased sheet resistance for the Nd-rich
samples deposited at high temperatures. The Nd-excess is not improving the
interface conductivity as one might expect for a conduction mechanism caused
by the implantation of A-site donors during the growth process.
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8.4.1 Improving the thermal stability of NGO/STO het-
erostructures
In order to improve the thermal stability of the interfacial conduction at the
NGO/STO interface, a NGO(10uc)/STO heterostructure was capped by a 10
unit cells thick LAO layer as a potential diffusion barrier for the evaporating Ga.
The electronic properties of the as-grown LAO/NGO/STO multilayer structure
were comparable to those of the uncapped NGO/STO heterostructures discussed
in section 8.2.
The HTEC characteristic of the capped structure upon heating is shown in fig.
8.6(a). For equilibration temperatures between 850 K and 950 K, the capped
sample showed the same characteristic as the uncapped sample (fig. 8.5(a)). At
and beyond 1000 K, however, the capped sample exhibits a different behavior.
A clear temperature independent plateau region was not observed. Instead, the
conductance was increasing for increasing temperatures over the entire investi-
gated pO2-range (indicated by the arrow in fig. 8.6(a)). However, by contrast
to the uncapped sample, no crossing of the HTEC characteristics was observed
indicating that no degradation of the interface was taking place. Nevertheless,
the interface underwent a reconstruction as one can see in fig. 8.6(b). After a full
measurement cycle including measurements up to 1100 K, a second measurement
cycle was performed restarting at 850 K. Now, the interface conductance contri-
bution showed an almost ideal temperature-and-pO2-independent plateau region
over a wide range of oxygen partial pressures (10−16 bar . pO2 . 10−4 bar).
Interestingly, the conductance value in the plateau region increased by a fac-
tor of ≈ 1.5, compared with the initial value. Hence, the conductance values
correspond to a carrier density of about 1.5 × 1014 cm−2 in the plateau region.
Moreover, the decrease in interface conductance resulting from ionic compensa-
tion effects, observed during the initial cycle as well as in the uncapped case, was
absent in the characteristics of the second cycle.
After the second measurement cycle the sample was cooled down to room tem-
perature. The XRD spectra of the sample still showed distinct thickness modula-
tions due to the multilayer structure (see fig. 8.6(b)). Moreover, the sample still
showed room temperature conductivity (RS = 10.6 kΩ, nS = 1.4 × 1014 cm−2).
Thus, it may be concluded, that the LAO capping layer improves the thermal
stability of the NGO thin film. According to XRD investigations, the layer stack
is maintained to a great extent after heat treatment, indicating that a Ga evap-
oration is effectively prevented by the LAO capping layer. Moreover, a further
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Figure 8.6: (a) HTEC characteristics of the LAO-capped NGO/STO heterostructure (top: first cycle,
bottom: 2nd cycle) and (b) corresponding XRD data after the HTEC measurement. Comparison with
a 10 unit cell thick LAO layer on STO reveals the additional intensity modulation due to the multilayer
structure (10 unit cells LAO on 10 unit cells NGO on STO).
heat treatment on the capped structure even seems to improve the properties of
the NGO/STO interface: The carrier density in the plateau region increased by
a factor of 1.5, which is in good agreement with room temperature Hall measure-
ments conducted after the HTEC measurements. Moreover, the capping layer
seems to suppress the effect of ionic compensation at the NGO/STO interface,
indicated by the absence of a decrease in interface conductance below the plateau
level. This might indicate a passivation effect caused by the LAO capping layer.
At present, however, the nature of this effect has not been identified. Further
investigations such as HR(S)TEM or EELS are needed to fully understand which
reconstructions are taking place in the LAO-capped structure. In particular, the
question is whether LAO has any immediate impact on the properties of the
NGO/STO interface, e.g. by an La-diffusion across the NGO layer, or if the LAO
layer only acts as a diffusion barrier for Ga.
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8.5 Conclusions
It has been shown in this chapter that high quality NGO/STO heterostructures
can be achieved by pulsed laser deposition. The resulting heterostructures show
electrical properties similar to those of LAO/STO heterostructures including an
abrupt onset of the interface conductivity when reaching the critical layer thick-
ness of four unit cells. One major advantage of this new approach towards a
realization of a conducting interface between polar and non-polar perovskite ox-
ides lies in the easy control of the cation stoichiometry of the polar NGO films,
which cannot be achieved equivalently for PLD-grown LAO thin films.
As has been shown, the cation stoichiometry of NGO is crucial for the structural
and electrical properties of the NGO/STO heterostructures. Conducting inter-
faces have been found for nominally Ga-rich as well as for Nd-rich compositions,
while the sheet resistance of the heterostructures increases as soon as the Ga-
content becomes too small. This emphasizes the importance of the B-site cation
for the interfacial reconstructions.
Below 1000 K, a thermodynamically stable interface conductance contribution
was found in high temperature equilibrium, evidencing that the NGO/STO het-
erostructures generally show a similar interface effect as LAO/STO heterostruc-
tures. Furthermore, the HTEC measurements show that the interface conduction
degrades continuously during a heat treatment above 1000 K as an effect of Ga
evaporation at elevated temperatures. In particular, a transition from formerly
conducting to insulating behavior is observed during the heat treatment above
1000 K. The results of the HTEC measurements on the NGO/STO system in-
dicate that the observed conductivity of the NGO/STO heterostructure neither
originates from residual oxygen vacancies in the STO substrate, nor from a mere
implantation of Nd3+ ions during the growth process. By contrast, the results
demonstrate that the properties of the polar NGO capping layer, in particular
stoichiometry and crystallinity, are crucial for the thermal stability of the con-
ducing interface. The complex defect structure established at interfaces between
polar and non-polar perovskites thus seems to be promoted by the properties of
the polar oxide layer.
Chapter 9
Summary and conclusions
Various heterostructures of polar and non-polar perovskite oxides were grown
in layer-by-layer growth mode using RHEED-controlled pulsed laser deposition.
In particular, optimized growth processes were established for LAO, STO, and
NGO thin films. The structural properties of the deposited thin films were tested
by means of atomic force microscopy and X-ray diffraction revealing atomically
smooth layer surfaces and a well-established crystallinity of the thin films.
Conducting LAO/STO interfaces were achieved for LAO thin films grown on
TiO2-terminated STO substrates, and for LAO/STO bilayers grown on LSAT
substrates. Moreover, metallic conductivity was found for the interface between
NGO thin films and TiO2-terminated STO substrates. Compared with the STO
single crystal-based heterostructures, the LAO/STO bilayer samples show a more
pronounced effect of defect scattering at low temperatures (. 150 K) due to the
incorporation of defects during the STO thin film deposition.
As a main focus of this thesis, the electrical properties of the heterostructures
were studied in high temperature equilibrium as a function of ambient oxygen
partial pressure. The results were discussed within the defect chemistry model
of STO. As a trace of the conducting interface, a thermally stable conductance
contribution was found for the conventional LAO/STO heterostructures (chap.
4) as well as for the LAO/STO bilayers (chap. 5) at temperatures between
850 K and 1100 K. The high temperature equilibrium conductance contribution
of the LAO/STO interface showed an pO2-independent behavior over a wide oxy-
gen partial pressure range. Moreover, the interface conductance maintained its
metallic temperature dependence which was so far only observed at temperatures
below 300 K. The thermal stability of the interface conductance contribution
indicated that the observed interface conductivity is not a result of a growth-
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induced non-equilibrium concentration of mobile oxygen vacancies. Rather, the
pO2-independent metallic conductance behavior has to be ascribed to a donor-
type conduction mechanism at the LAO/STO interface ([D•]S ≈ 1× 1014 cm−2)
according to the defect chemistry model of donor-doped STO. The associated
interfacial donor states may originate from intermixed La ions on Sr lattice sites,
trapped oxygen vacancies, or polarity-induced space charges.
Consistent with the HTEC measurements, thorough chemical analyses by HR-
(S)TEM and EELS revealed both an intermixing of A-site cations and the genera-
tion of oxygen vacancies on a length scale of several unit cells around the nominal
LAO/STO interface. In addition, a chemical intermixing within the B-site sub-
lattice and atomic displacements in the picometer range were observed, causing
a very complex atomic structure of the LAO/STO interface region.
For both kinds of LAO/STO interfaces a decrease of the high temperature equi-
librium electron density was observed in oxidizing atmospheres, whereas a char-
acteristic behavior of nS ∝ pO−1/42 was revealed for the LAO/STO bilayer system
(chap. 5). As derived from the defect chemistry model of donor-doped STO, this
behavior is indicative of an ionic charge compensation mechanism of the interfa-
cial donors, due to the formation of Sr vacancies in the vicinity of the LAO/STO
interface. Thus, the Schottky equilibrium was found to be active already at
temperatures below 1100 K accompanied by a reduced reaction enthalpy. Both
the temperature range and the reaction enthalpy were considerably lower than
the bulk values indicating a facilitated generation of cationic defects close to the
LAO/STO interface, as compared with the bulk.
For STO thin films, an enhanced high temperature conductivity was found in
reducing atmosphere, indicating a lowered reduction enthalpy for the surface of
the thin films (chap. 7).
Based on the foregoing results, the influence of the STO cation (non-)stoichiometry
on the electrical properties of the LAO/STO interface was investigated in chap-
ter 6. The cation stoichiometry in STO thin films was tuned from Sr-rich to
stoichiometric to Ti-rich composition by a variation of the laser fluence during
growth. The sheet resistance of the as-grown LAO/STO interface was found to
increase with increasing non-stoichiometry of the STO layer, while a major effect
on the electron mobility was revealed. Hence, the growth-induced defects in the
STO layer act as additional scatter centers. By contrast, the non-stoichiometry
induced by a thermodynamic driving force (via Schottky equilibrium) was found
to significantly reduce the sheet electron density in the quenched LAO/STO in-
terface. This was in accordance with the results of the in-situ measurements
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Figure 9.1: The complex defect structure of the interface between polar and non-polar perovskite oxides
as indicated by the results of this study, comprising intermixed La ions, oxygen vacancies, and cation
vacancies in the vicinity of the interface.
in high temperature equilibrium. The described approaches to tailor the defect
configuration at LAO/STO interfaces in a systematic manner may open a new
pathway to study the impact of defects on other interesting physical properties
of oxide interfaces such as magnetism.
The effect of a varied stoichiometry in the polar capping layer was studied for
the NGO/STO system (chap. 8). As demonstrated, the cation stoichiometry
of PLD-grown NGO thin films could be varied by a variation of the deposi-
tion temperature, exploiting the effect of preferential evaporation of Ga species.
Conducting interfaces were achieved over a wide range of Ga/Nd ratios, while the
sheet resistance showed a steep increase for strongly Ga-deficient NGO thin films.
In high temperature equilibrium, a similar effect of preferential Ga-evaporation
was revealed for equilibration temperatures above 1000 K. As a result of the Ga
loss, a continuous transition from conducting behavior to insulating behavior of
the NGO/STO interface was observed during the HTEC experiment. The results
emphasize the importance of the B-site cations within the polar capping layer not
only for initializing, but also for preserving the conductivity at the NGO/STO
interface. Therefore, it can be ruled out that the conductivity of the NGO/STO
interface was generated by a mere implantation of Nd3+ ions into the STO sub-
strate during deposition.
In summary, the impact of crystal defects on conducting interfaces between
polar and non-polar perovskite oxides was investigated thoroughly and a defect
chemical model for conducting perovskite-type heterostructures was established.
The study revealed a complex donor-type conduction mechanism involving chem-
ical intermixing across the interface, a possible generation of immobile oxygen
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vacancies, and the formation of cation vacancies. These defects have the poten-
tial to generate and to manipulate the electrical properties of the studied oxide
heterostructures.
Conduction scenarios based on the formation of growth-induced mobile oxygen
vacancies or on the implantation of A-site donor dopants during the deposition
were ruled out. Thus, the polar nature of the capping material may play a cru-
cial role for the establishment of a thermally stable conducting interface with a
complex atomic defect structure.
As shown in this thesis, the application of bulk defect chemistry models can pro-
vide deep insight into thermodynamic processes and associated defect equilibria
in low dimensional thin film and interface systems. However, when approaching
the nanoscale, unexpected shifts of the high temperature conductance character-
istics and altered reaction enthalpies were observed. For future works, it might
be beneficial to develop additional space charge models or heterogeneous doping
models accounting for the finite size of these systems. As indicated for the STO
thin films investigated in this thesis, this extended approach may then explain
the specific activation energies observed in the high temperature experiments.
Using this approach, the defect chemistry model for oxide interfaces may thus be
further advanced.
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Appendix A
HTEC setup - technical drawings and reference
measurements
A.1 HTEC setup
Figure A.1: Experimental setup of the high temperature measurement of electrical conductivities in
controlled ambient oxygen partial pressures. Picture taken from [122].
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A.2 Sample holder of the HTEC setup
Figure A.2: The sample holder
consists of a flange which enables a
tight enclosure of the inner volume
of the ZrO2-tube. Six alumina tubes
reach into the pressure controlled
volume through the flange, provid-
ing electrical contacts, gas inlet, and
temperature control. The electrical
contacts are triaxially shielded by a
platinum coating on 1) the thin cap-
illary tubes acting as inner shield-
ing and 2) on a second alumina tube
enclosing the inner sample holder
(outer shield). Picture taken from
[122].
A.3 Titration effects 153
A.3 Titration effects - Inhomogeneous oxygen atmosphere
In oxygen pump systems such as the one used for the HTEC measurements in
this work, pressure gradients can occur. These can result in an actual pO2 at the
sample´s position differing by orders of magnitude from the pO2 set at the sense
electrodes. In order to quantify this effect, thorough reference measurements were
performed.
The real pO2 at the sample´s position was measured by a λ-sensor located inside
the oxygen pump tube. Fig. A.3 shows the actual pO2 values obtained at the
λ-sensor plotted against the pO2 measured at the sense electrodes of the oxygen
pump system. For temperatures ≥ 950 K, the pO2 at the sample´s position ide-
ally follows the pO2 set at the sense electrodes. This indicates a homogeneous
pO2 distribution inside the oxygen pump. However, below 950 K, the oxygen
partial pressure at the sample´s position suddenly drops orders of magnitude be-
low the pO2 value measured at the sense electrodes when reaching oxygen partial
pressures below 10−6 bar. Further decreasing the pO2 at the sense electrodes, the
actual pO2 at the sample´s position approaches the one at the sense electrodes.
In very reducing atmosphere, both values are finally identical again. These in-
homogeneous gradual pressure distributions can be attributed to titration effects
taking place inside the pump tube (see Refs. [122–124]). As a result, certain oxy-
gen partial pressure values (10−6 bar−10−14 bar at 850 K, and 10−6 bar−10−10 bar
at 900 K) cannot be stabilized at the sample´s position.
The results of this λ-sensor experiment are used a reference for the HTEC char-
acteristics presented in this thesis.
Figure A.3: The oxygen partial pressure at the
sample´s position is plotted against the oxygen par-
tial pressure set (and measured) at the sense elec-
trodes of the oxygen pump system.
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Appendix B
Additional HTEC measurements
B.1 The influence of growth pressure on the HTEC char-
acteristics of the LAO/STO interface
As shown in Ref. [28], the low temperature behavior of the metallic LAO/STO
interface changes drastically depending on the particular background pressure
during the growth of LAO. Grown at high oxygen pressures (1 × 10−3 mbar),
LAO/STO heterostructures show an resistance upturn at low temperatures due
to Kondo scattering which indicates the presence of magnetic scatter centers in
the vicinity of the LAO/STO interface. In contrast to that, the observed Kondo
upturn is suppressed for lower growth pressures (≈ 1 × 10−5 mbar). For even
lower deposition pressures, the STO substrate bulk is reduced, so that the ob-
served electrical transport corresponds to 3-dimensional bulk conduction [16, 28].
The observed effects at low temperatures raise the question if the LAO/STO
interfaces obtained at different growth pressure differ fundamentally, or if the
deviating low temperature properties simply originate from different thermody-
namic states of the same LAO/STO interface.
In order to answer this question, LAO/STO heterostructures grown at various
oxygen pressures were investigated under thermodynamic equilibrium in a HTEC
experiment. Fig. B.1 shows the HTEC characteristics of the LAO/STO het-
erostructure grown at high oxygen partial pressure1 for the temperatures of 900K,
950K, 1000K, 1050K, and 1100K. Similar to the sample grown at low pressure,
the high pressure sample shows a clear temperature-independent plateau-like con-
ductance behavior for intermediate oxygen partial pressures indicating the same
donor-type conduction mechanism at the LAO/STO interface. Moreover, the
conductance values in the plateau region are very comparable. As a consequence,
also the sheet carrier density obtained in the plateau-region is rather similar to
the value obtained for the low pressure sample. In general, both HTEC charac-
teristics seem to be fundamentally identical.
18 unit cells LAO grown on STO at an oxygen pressure of 1× 10−3 mbar. The sample was
provided by Dr. M. Huijben, Faculty of Science & Technology, University of Twente, Enschede,
The Netherlands
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Figure B.1: HTEC characteristics of LAO/STO
for 8 unit cells LAO grown at pdep = 1×10−3 mbar.
The HTEC characteristic of a LAO/STO sample which showed bulk conduc-
tivity is displayed in fig. B.2. The reduced STO substrate bulk resulted from an
accidentally altered cooling procedure after the growth of LAO at the standard
oxygen background pressure of 4 × 10−5 mbar. During the low pressure growth
of LAO on STO, the STO substrate can be reduced [16, 96, 175]. Usually, this
effect is compensated by a reoxidation during the slow cooling or a subsequent
annealing step after the growth (cf. chapter 4.2). A fast cooling of the sample di-
rectly after the growth at 4×10−5 mbar, however, can result in bulk conductivity
due to an residual amount of oxygen vacancies. These samples exhibit very low
sheet resistances in the range of 100 Ω instead of 10 kΩ at 300 K, corresponding
to sheet carrier densities of 1016 − 1017 cm−2 (cf. Ref. [16, 96, 175]).
Upon heating, the reduced LAO/STO heterostructure starts to equilibrate and
relaxes into its equilibrium state. In thermodynamic equilibrium, the reduced
Figure B.2: HTEC characteristics of LAO/STO
for 8 unit cells LAO grown at pdep = 4×10−5 mbar.
The sample was cooled down immediately after the
growth process. As a result, the as-grown sample
showed bulk conductivity due to a reduced STO
substrate. In thermodynamical equilibrium, the
sample exhibits conductance values similar to the
ones obtained for LAO/STO heterostructures with
non-reduced STO substrate.
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LAO/STO heterostructure finally shows a similar characteristics as the standard
LAO/STO heterostructure yielding a sheet carrier density of about 1×1014 cm−2
in the high temperature conductance plateau. This value is two orders of mag-
nitude lower than the one obtained at low temperature for reduced as-grown
samples.
Under high temperature equilibrium, any conductance contribution due to a resid-
ual, non-equilibrium concentration of oxygen vacancies is removed. Therefore, the
HTEC characteristics provide an undisturbed view on the characteristic proper-
ties of the LAO/STO interface and reveal the real conductance contribution of
the interface.
In thermodynamic equilibrium, all investigated samples, i.e. high pressure grown,
low pressure grown, and bulk-reduced LAO/STO heterostructures basically ex-
hibit similar electrical properties. Based on the HTEC experiments, one hence
can conclude that the growth pressure during the fabrication of LAO/STO het-
erostructures does not alter the LAO/STO interface fundamentally. The different
low temperature properties of the sample thus must be ascribed to the different
growth history of the samples.
B.2 The critical thickness phenomenon as observed in
high temperature equilibrium
A very fascinating phenomenon which was observed for the LAO/STO interface
is the so-called critical thickness phenomenon [32]. The interface between LAO
and STO shows a sudden transition from insulating behavior to conducting be-
havior when the thickness of the LAO capping layer exceeds four unit cells (cf.
Figure B.3: HTEC characteristics of LAO/STO
for 3 unit cells LAO grown at pdep = 4×10−5 mbar.
After the growth process, the sample showed insu-
lating behavior. In high temperature equilibrium,
the heterostructure exhibits conductance character-
istics similar to the ones of the bare STO single
crystal substrate.
B.2 Critical thickness phenomenon 157
Figure B.4: HTEC characteristics of a single LAO
monolayer embedded in STO (cf. secs. 4.3, 4.4).
The sample showed room temperature conductivity
after the growth. In high temperature equilibrium,
a plateau-like conductance contribution is observed
similar to the one observed for standard conducting
LAO/STO heterostructures.
chapter 4.4). This effect has been observed for the room temperature conduc-
tance (and for several other physical properties of LAO/STO heterostructures,
see Refs. [44–46, 52, 176]) and represents one of the most important arguments
to support the idea of a sudden reconstruction at the LAO/STO interface due to
the polar nature of LAO.
Fig. B.3 shows the HTEC characteristics of an insulating LAO/STO heterostruc-
ture with a three unit cells thick LAO layer. The characteristics of the het-
erostructure (filled symbols) and STO single crystal (open symbols) substrate
are almost identical. The small deviations between heterostructure and STO sin-
gle crystal can be ascribed to a substrate-to-substrate variation originating from
the background acceptor dopant concentration [A′] which varies slightly from
substrate batch to substrate batch. In contrast to the conducting LAO/STO
heterostructures discussed above, no temperature and oxygen partial pressure
independent conductance contribution is observed indicating the absence of any
donor states.
According to Pentcheva et al. [37], the critical thickness phenomenon can be
overcome by an additional STO capping layer on top of the LAO/STO het-
erostructure. For a STO capping layer of more than 10 unit cells, the critical
LAO thickness can be reduced to a single unit cell. In order to test this, a sin-
gle unit cell of LAO was grown on STO using the standard growth parameters.
Subsequently, 15 unit cells of STO were grown on top under similar conditions
(cf. secs. 4.3, 4.4). The corresponding HTEC characteristics are displayed for
oxygen partial pressures between 10−23 bar and 10−4 bar in fig. B.4. Again, a
thermally stable conductance contribution is found for intermediate oxygen par-
tial pressures.
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Appendix C
Elastic deformation of heteroepitaxial thin films
The crystal orientation and structure of heteroepitaxially grown thin films is
closely connected to the crystal structure of the substrate material. In partic-
ular, the growing film might adopt the in-plane crystal lattice structure of the
substrate which causes a deformation of the crystal lattice of the growing mate-
rial. The forced in-plane displacement of the crystal lattice causes a mechanical
stress and, thereby, an out-of-plane lattice relaxation of the growing film in order
to minimize the total energy of the lattice (see sketch in fig. C.1). The out-of-
plane relaxation of the growing film can be described by the elastic deformation
of the unit cell under mechanical stress as will be described in the following (a
more detailed elaboration can be found in Ref. [177]).
The relevant quantities for the following considerations are the bulk lattice pa-
rameters of the growing material a0, b0 (in-plane) and c0 (out-of-plane), the lattice
parameters of the strained film a, b and c and the corresponding displacements
∆i = (i− i0), (i = a, b, c) (cf. fig. C.1). The strain i in direction i then is defined
by
i =
∆i
i0
=
i− i0
i0
.
In the elastic limit, the relation between mechanical stress tensor
σ =
 σaσb
σc
 ,
and strain tensor
 =
 ab
c
 :=

∆a
a0
∆b
b0
∆c
c0
 ,
is given by
σ = C · , (C.1)
where C is the elastic stiffness matrix
C =
 C11 C12 C13C21 C22 C23
C31 C32 C33
 . (C.2)
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Figure C.1: Sketch of the lattice deformation of a (compressively) strained heteroepitaxial film.
Cij, (i, j = 1, 2, 3) denote material specific elastic constants. Considering a cubic
crystal lattice such as STO (a0 = b0 = c0), the elastic stiffness tensor can be
simplified accounting for the symmetry of the system and it follows
C
cubic
=
 C11 C12 C12C12 C11 C12
C12 C12 C11
 . (C.3)
Thus, the stress in out-of-plane direction is given by
σc = C12 · (a + b) + C11 · c.
For a fully strained film, the relaxation in out-of-plane direction is the only degree
of freedom as the in-plane displacement of the lattice is fixed by the in-plane
lattice parameter of the substrate, asub and bsub, i.e.
a =
asub − a0
a0
and b =
bsub − b0
b0
,
respectively. Therefore, the lattice will relax in c-direction until the out-of-plane
stress vanishes, σc = 0. (More accurately, one should minimize the total elastic
energy of the system f = 1
2
 ·σ (see Ref. [177]). However, as ∂f
∂c
≡ σc, this results
in the similar relations as derived by directly setting σc = 0.)
Considering a substrate material with asub = bsub, one finally obtains the out-of-
plane strain c of the film as a function of in-plane strain a,b (= a = b),
c = −2C12
C11
a,b := − 2ν
1− ν a,b. (C.4)
Here,
ν :=
1
1 + C11/C12
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defines the so-called Poisson ratio which is often used to describe the elastic
properties of a material. For most materials, ν is ranging between 0 and 0.5 (e.g.
νSTO = 0.24 [6, 154], νLAO = 0.24 [128]).
The c-lattice parameter of the strained film then is given by
c = c0(1 + c) = c0(1− 2ν
1− ν a,b) = c0 −
2ν
1− ν (asub − c0). (C.5)
From eqs. (C.4) and (C.5) it follows that tensile strain (a,b > 0) generally results
in a negative c and thus in a smaller c-lattice constant compared with the bulk
value (c < c0). Compressive strain, on the other hand, results in a positive c and
thus in a larger c-lattice constant compared with the bulk value (c > c0). For
relaxed or homoepitaxial films (a,b = 0), it follows c = 0 and thus c ≡ c0.
According to the elastic limit, the unit cell volume generally is not conserved in
a strained film. Instead, it follows
∆V
V0
= a + b + c +O(2i ) = 2
(
1− ν
1− ν
)
a,b, (C.6)
where ∆V = V − V0 denotes the change of the unit cell volume, V , with respect
to the bulk value, V0 (see Ref. [178]). Conservation of the unit cell volume is
only achieved for ν = 1/2. For other values of ν, one expects a reduced unit cell
volume for compressive strain, and an enlarged unit cell volume for tensile strain.
As an example, the expected c-lattice constants and the corresponding relative
changes of the unit cell volume ∆V/V for strained STO thin films are displayed in
fig. C.2 as a function of the in-plain lattice parameter of the substrate (considering
νSTO = 0.24 [6, 154]).
Figure C.2: Calculated c-lattice parameter and relative change of the unit cell volume, ∆V/V , of strained
STO thin films grown on different substrate materials.
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Appendix D
Numerical calculations of the defect equilibria in
STO
The set of equations consisting of eqs. (2.1), (2.4), (2.9) and (2.13) which was
introduced in section 2.4 can be solved numerically.
Eqs. (2.4), (2.9) and (2.13) can be solved for [V ••O ]. Subsequently, the relations
can be plugged in equation (2.1) and one gets
p+ 2 [V ••O ]− n− 2V′′Sr + [D•]− [A′] = 0,
⇔A/B · [V ••O ]+1/2 + 2 [V ••O ]−B · [V ••O ]−1/2 − 2C · [V ••O ]−1 + [D•]− [A′] = 0.
The coefficients A, B, and C are given by
A = Ne(T )Np(T ) exp
(
−Eg(T )
kBT
)
,
B =
(
Kred0
)1/2
exp
(
−∆H
red
kBT
)
· (pO2)−1/4,
C = KS0 exp
(
−∆H
S
kBT
)
.
For a given set of reaction constants, given temperature, oxygen partial pressure
and, extrinsic dopant concentrations, this expression can be solved by a simple
zero-point crossing routine which was implemented in OriginC. A reference set
of thermodynamic constants for bulk STO can be found in Ref. [5].
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